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Sun radiation can be directly converted into electrical energy by a device called solar cell 
or photovoltaic cell. The device produce no noise or moving parts, making such a system 
robust, reliable, low maintenance, and long lasting. The main production of solar cell 
device in the world market today is silicon based solar cell. This is because silicon is 
abundantly exists in the world. However, one of the major drawbacks of the silicon solar 
cell is the high cost due to the purifying silica raw material which consumed 40% of the 
total cost of the solar cell module. Therefore, one of the alternatives to increase the 
utilization of solar cell is to reduce the price, where thinner silicon could be used, so that 
the cost of the solar cell will greatly decrease. The advantage of thinner silicon in the 
solar cell is that it will reduce the bulk recombination since photogenerated charge 
carriers need to travel in shorter distance. Despite of less bulk recombination, thin silicon 
solar cell shows low efficiency compared to the wafer based silicon solar cell due to the 
low absorption coefficient of silicon especially at wavelength near to the band gap. Light 
trapping technique is one of the approaches to solve the problem. This technique could 
increase optical path length and subsequently raised the opportunities of incident light to 
be absorbed in the silicon active layer. A technique such as photonic structure and 
plasmonic structure reported however there is a lack of study investigating the potential 
of texturing active layer in periodic nanohole structure. Hence, in this study, a systematic 
investigation of the light trapping by using periodic nanohole structure to enhanced 
absorption in silicon layer has been carried out.  
The investigation begins by fabricating a hexagonal array nanohole (NH) structure 
with a diameter of 500 nm, lattice constant of 1 m, and 1 m depth on the silicon wafer 
surface by photolithography method. The experiment results shows that demonstrated 
that hexagonal array silicon NH structure reduced reflectance of silicon for the entire 
wavelength range. The reduction of reflectance was relatively 10.4% compared to 
nonpatterned silicon. Further investigation by three dimensions full finite finite difference 
time domain (FDTD) simulation has been carried out and it was predicted that low 
reflection shows by hexagonal array silicon NH structure is due to the large surface area, 
antireflective effect and diffraction of incoming incident light which subsequently 
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contribute to the high absorption in silicon. Since indium tin oxide (ITO) generally used 
for antireflective and transparent conductive oxide layer, a series of simulation has been 
done to study the influence of ITO layer to hexagonal array silicon nanohole. The results 
show that reflectance is greatly decreased along nearly the entire spectrum range and 
almost zero reflectance is achieved at wavelengths from 650 nm to 750 nm. The results 
indicates that the proposed hexagonal array silicon NH structure has a high potential to 
enhance solar cell conversion efficiency.  
Since the investigation of hexagonal array silicon NH structure shows a low 
reflectance for the entire wavelength range, the same concept has been implemented on 
1μm thin film silicon film with silver (Ag) as a back reflector on the rear side of the 
silicon thin film. Ag back reflector located at the rear solar cell allowing the light to 
bounce back into the silicon. By using simulation, the geometrical parameter of square 
lattice NH arrays has been varied to achieve optimal absorption in silicon. Optical 
measurements of the optimized NH array geometry are then performed, and the effects of 
different transparent conductive oxide (TCO) layer configurations have been examined. 
The optimized parameter of square lattice array is 0.251, 0.6 and 0.5 for filling factor, 
lattice constant and nanohole depth respectively. The simulation results show a relative 
improvement of 100 % in the total absorption for square lattice NH arrays in the silicon 
layer compared to nonpatterned silicon. The optimized NH arrays also exhibit a 
significant improvement in silicon active layer that exceeds the theoretical Yablonovitch 
limit in the long wavelength range. On the other hand, fabricated optimized square-lattice 
NH array and hexagonal NH arrays (same parameter with optimized square-lattice NH 
array) give relative improvements in total absorption for 65 and 70 %, respectively, 
compared to a nonpatterned stack. Based on the parallel-supercomputing optimization, 
these improvements currently represent the best experimentally measured results for 1m 
thin film silicon NH arrays with a back reflector. In addition, the effect of an ITO coating 
on optimized square-lattice NH array is simulated, and the results shows that an empty 
NH configuration gives the lowest ITO parasitic absorption of 2.6 %. The present results 
support the optical advantages of NH arrays as an excellent thin film silicon absorber, 
which implies a good potential for thin-film solar cell applications. 
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Recently, light trapping by exploiting metal nanoparticle has received an attention 
from many researchers. Metal nanoparticle could be used as scattering elements to scatter 
the incident light into the distribution of angles and subsequently increasing the path 
length of the light within the active layer of solar cell. Moreover, metal nanoparticle 
excites localized surface plasmon resonance (LSPR). LSPR could increase absorption in 
active layer of a surrounding metal nanoparticle by strong local field enhancement by 
light at specific wavelengths.  Therefore, in order to boost the absorption in silicon active 
layer, an attempt of exploiting metal nanoparticle incorporation with periodic NH arrays 
has been carried out.  The effect of different concentration (10wt%, 5 wt%, 2.5 wt%, 1 
wt% and 0.5 wt%) of 20 nm diameter gold (Au) nanoparticle solution has been 
investigated by depositing Au nanoparticle on NH array, in the hole of NH array and 
nonpatterned silicon wafer. The depositing process used spin coater with spinning 
velocity of 3000 rpm for 10s. An optical measurement shows that Au nanoparticle 
decreased reflectance for Au nanoparticle deposited on periodic NH array and 
nonpatterned silicon. The lowest reflectance could be observed for highest concentration 
of 10 wt% Au nanoparticle solution for Au nanoparticle deposited on periodic NH array 
and nonpatterned silicon. Relative improvement of 28.6% and 52% compared to periodic 
NH array for 10 wt% could be observed for Au nanoparticle deposited on periodic NH 
and nonpatterned respectively. The investigation on effect of incident angle shows that 
integrated reflectance increased as incident angle increased, and the increment is high at 
high incident angle compared to periodic NH array. In order to investigate the Au 
nanoparticle parasitic absorption, a series of simulation was carried out. The result shows 
that Au nanoparticle absorbed a small amount of incident light, however, the amount is 
relatively low (<2.5%) and therefore high absorption could be expect in silicon active 
layer. However, as Au nanoparticle deposited on optimized NH array (thin film silicon) 
the result shows low improvement compared to thick silicon with periodic NH array. The 
present results shows that with proper design, metal nanoparticle deposited on periodic 
NH array could further support the light trapping in thin film solar cell and hence could 
enhanced efficiency of thin film silicon solar cell.  
Keywords:  Silicon, solar cell, light trapping, nanohole array, reflectance, FDTD, thin-
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Chapter 1  
Introduction  
 
1.1 Introduction to solar cell  
A solar cell is devices that directly convert sunlight into electricity without any noise or 
pollutions and has a high potential to give a substantial input as a part of the renewable 
energy system. Although silicon solar cell with an efficiency of 6% has been introduced 
in 1954 [1], utilizing solar cell as a power production remain unpopular until the first oil 
crisis in 1973, that is almost 20 years after the first invention of solar cell. However, 
energy production by solar cell remained outspread due to the high-cost of fabrication, 
and generally limited to the out space applications. The demand for energy increased and 
there seem to be no physical limits to the world’s energy supply for at least the next 50 
years [2]. This is because the living standard in developing countries [3] continuously 
improved, where the rapid economic growth and industrial expansion with the high rate 
of population and urbanization increased. Therefore, in the past three decades, extensive 
research and development has been continuously done in order to increase the usage of 
energy by using solar cell by searching new materials and inventing a new fabrication 
process to reduce the cost of solar cell production and to enhance the efficiency of solar 
cell.   
 
Figure 1.1 Thin-film and wafer modules production for year 2010 (left) [6] and projection 




Figure 1.2 The classification of the solar cells 
1.2 Thin-film solar cell approach 
The important road to increase the utilization of solar cell is to reduce the price, which 
means that the cost of production of solar cell has to be reduced. The main reason of high 
price of wafer based silicon solar cell is due to the high cost of purifying silica that makes 
40% of the total cost of the module [4]. Therefore in order to find the alternative, thinner 
solar cell could be introduced namely, thin-film solar cell, so that the cost of the solar cell 
will greatly decrease. Furthermore, in a thinner solar cell, the photogenerated charge 
carriers need to travel in shorter distance, and consequently bulk recombination loss are 
reduced. There are many types of absorber material used in thin-film solar cell 
technologies and the thickness may range varying from a few nanometers to tens of 
micrometers [5] as shown in the Fig. 1.2. The thin-film and wafer modules production for 
year 2010 [6] and projection capacity for year 2016 [7] has been shown in Fig. 1.1. It is 
clearly shown on the Fig. 1.1 that thin-film solar cells production will increased due to 
the big potential in producing cheaper solar cells on large scale. There are many different 
available absorber/active materials related to thin film solar cell technologies and briefly 




Figure 1.3 The highest efficiency of silicon solar cell (a) wafer based with 
24.7% [7] and (b) thin film microcrystalline silicon solar cell with 10.7% 
efficiency [8].  
a) Single crystal, amorphous, microcrystalline, and polycrystalline silicon 
Single crystal silicon or monocrystalline silicon has advantages of such as no 
grain boundaries and therefore low recombination compared to the other type 
of silicon. It also has high chemical stability and a very mature technologies 
process. While, thin film solar cell based on amorphous silicon has 
advantages of its abundant and non-toxic characteristic. It also requires a low 
temperature process which enable for large scale production with low cost. 
Only 1-2 μm thick is required for amorphous silicon to absorb the sunlight 
due to the high absorption coefficient compared to crystalline silicon. 
However, the disorder increased the recombination and severely reduced the 
carrier lifetime and therefore doping is unsuitable for amorphous silicon. 
Under a favorable deposition conditions, nanocrystalline and 
microcrystalline silicon can be formed [10]. Microcrystalline silicon has a 
less defect and more stable to light degradation compared to a-Si. With the 
recent development of deposition technologies, micro and polycrystalline 
silicon have a good potential to achieve high efficiency solar cell. However, 
micro and polycrystalline silicon films have a lower optical absorption 
compared to a-Si. The highest efficiency of silicon solar cell for wafer based 
and thin film silicon has been shows in Fig. 1.3. 
b) Copper indium gallium diselenide (CIGS) 
Copper, Indium, gallium and selenium belongs to I–III–VI semiconductor 
material which usually known as CIGS. CIGS has a high absorption 
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coefficient and 2-4 micrometers of CIGS is enough to absorb most of the 
sunlight (Fig. 1.4(a)). The highest efficiency of CIGS solar cell was 20.4% 
[9] as shown in the Fig. 1.4(b). However, the amount of toxic in cadmium is 
less preferable for general use.  telurride (CdTe) solar cell. The difficulties in 
controlling the deposition and diffusion process has slow down the 
development of CIGS. The other type of solar cell that used I–III–VI 
semiconductor material is CIS (CuInSe2). Despite of the high efficiency 
shown by CIS solar cell, increasing number of alloys makes a fabrication 
process become complex and precise control are hard to control. 
 
Figure 1.4   CIGS device structure(a) and  highest efficiency, 20.4% [9] of CIGS solar 
cell (b) 
c) Cadmium telluride (CdTe) 
CdTe is a crystalline composed from cadmium and tellurium. The superior 
optical and electronic properties of CdTe makes it an ideal absorber material 
for high-efficiency, low cost thin film solar cells as shown in Fig. 1.5 CdTe 
needs a few micrometers to absorb almost 90% of sunlight due to its high 
absorption coefficient in the visible region. CdTe surpass silicon based solar 
cell production cost, and has a chemical and thermal stability which is 
suitable for large area and high temperature fabrication process. The best 
efficiency achieved is 10.6% for module size solar cells. Although cadmium 
is an abundant material in earth, however it fall under 6 highest toxic 
materials and therefore until now, the arguments about the safety of 




extremely rare element, therefore CdTe based solar cell may be limited to the 
tellurium availability, and thus increased the cost of the solar cell in future. 
 
Figure 1.5 Schematic view of  typical CdTe solar cells [5] 
d) Organic semiconductors 
There are three categories of organic semiconductors depend on their 
chemical properties, as insoluble and soluble and liquid crystalline. They can 
further be classified to dyes, pigments and polymers [12]. Organic solar cells 
have an advantage to tailored the absorber materials with desired properties 
by using chemical techniques and therefore potentially to be cost effectively. 
However, before it could be manufacture for large production, the efficiency 
of organic solar cell have to be improved from the current highest value 
around 11% (dye synthesized solar cell) [13] and tackled the stability 
problem which is a common problem in conjugated polymers [14]. The basic 
concept of organic solar cell shown in Fig. 1.6 
Obviously, thin film solar cell has a high potential to change conventional wafer based 
solar cell. However, the major problem of thin film solar cell is their low efficiency. This 
is because thin film solar cell generally fabricated with thickness of less than few 
micrometers has a weak optical absorption. Therefore, light trapping techniques is 
necessary in order to elongate optical path length of incident light and raise the 





Figure 1.6  Basic concept of organic solar cell and comparison with conventional solar  
cell 
1.3 Light Trapping in solar cell 
Reflection from the front surface is one of the contributors to the optical losses that 
prevent the sunlight from entering solar cell. The sunlight which is not absorbed by active 
layer is then absorbed in non-active layer material in the solar cell such as back reflector 
or transparent conductor oxide (TCO). The main reason for conventional solar cell to 
have a thick active material is to sufficiently absorb most of the sunlight. Light trapping 
aims at improving light absorption by designing the solar cell in a way so that path length 
of light stays inside the active material as long as possible. Nowadays, texturing the 
surface with a random pyramid has been introduced in wafer based Si solar cell. The 
highest efficiency of 24.7% has been achieved with passivated emitter rear locally 
diffused (PERL) cell [7] incorporated with inverted pyramid structure at the front surface 
of the cell as shown in Fig. 1.3. Randomly textured front surface by laser techniques has 
also shows a good optical absorption and has largely produced recently. However, the 
typical sizes of textured surface for wafer based solar cell are several times the size of the 
wavelength of the light which is unsuitable for a thin cell which is typically in order of 
few microns. Therefore in order to be applied at thinner solar cell, a new light trapping 
method has to be introduced in order to avoid optical loss due to poor light absorption in 




able to make multiple passes through the cell, and thus maintain a high optical path 
length such as wafer based solar cell.   
 
1.4 Scope of the present work 
There are many light trapping techniques has been introduced in order to enhance 
absorption of active layer in thin film solar cell. Light trapping could be divided by two 
main group; using photonic structures or plasmonic structures. Photonic structures could 
diffract propagating light in the active layer while the later exploiting scattering effect 
and localized surface plasmon resonance (LSPR) to trapped light and hence enhanced 
absorption in active layer. Several examples [17-18] for photonic structure, and 
plasmonic structure [19, 20] textured in front or back surface of solar cell has been 
introduced. In this study, the enhancement of optical absorption via periodic nanohole 
(NH) textured in front surface of silicon for light trapping in thin film solar cell has been 
investigated. By texturing front surface of the active layer, two effects were predicted; 1) 
light may coupled in diffraction order and may enhanced path length of light in active 
material and 2) antireflective effect by nanostructure of periodic NH. In order to avoid 
recombination at the grain boundaries, monocrystalline silicon (c-Si) was selected as an 
active layer. The thickness of 1 μm active layer has been chose in this study to evade the 
high price of c-Si. It should be noted that the study is limited to optical analysis of the 
silicon solar cell, therefore electronic properties or recombination effect in solar cell are 
not included in this thesis.  
1.5 Dissertation  Outline 
In Chapter 1, a brief introduction about solar cell, various types of thin film solar cell 
together with its advantages and disadvantages has been describes. The important of light 
trapping in solar cell, especially in thin film solar cell has been discussed. The scope and 
objective of the present study also have been addressed.    
Literature review based on the current researches and motivation related to the 
present research works has been presented in Chapter 2.  
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Chapter 3 Details on the simulation model and theoretical background of the 
study has been outlined. The evaluation performance of periodic NH structure as a solar 
cell is presented and further discussed. 
 In Chapter 4, the first step of this study has been elaborated. A hexagonal array 
NH structure was fabricated on silicon wafer to test the ability of periodic NH structure to 
reduce reflectance in solar cell application. The results of optical measurements by 
spectrophotometer and simulation have been carried out to further investigate the light 
trapping behavior of NH structure on wafer based silicon.  
 After investigation of periodic NH shows a good absorption improvement in 
wafer based silicon, we further our investigation to thin film silicon. The parameter of 
NH such as lattice constant, diameter and depth of NH has been optimized by FDTD 
simulation and optical measurement results of optimized periodic NH structure is 
presented and discussed in Chapter 5. 
 In Chapter 6, an attempt using metal nanoparticles to trap the light in conjunction 
with periodic NH on active layer has also been investigated. Metal nanoparticles provide 
a medium for light to be scattered and localized surface plasmons resonance occur in 
metal nanoparticle is expected to further helps enhanced absorption in silicon. 
 The general conclusion and suggestion of the further work of periodic NH are 
given in Chapter 7. 
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Chapter 2  
Literature Review  
 
2.1 Basic concept of solar cell 
Solar cell is a device that converts the sunlight energy directly to electricity using the 
photovoltaic effect as shown in Fig. 2.1. An incident light with sufficient energy will 
excite electron to create an electron-hole pair. This electron hole pair will generally 
recombine within microseconds to milliseconds, depending on material quality, unless 
the electrons and holes are extracted as current within this time. To assist the process, the 
electron-hole pair is separated by pn-junction where it is created by addition of small  
Fig. 2.1 A schematic picture of a typical silicon solar cell where the incident light creates 
an electron-hole pair and diffuses towards the n and p type region to create a current. 
amount of boron and phosphorous, called doping. The boron doped part creates an excess 
of free holes (p-type region), while the phosphorous doping creates an excess of free 
electrons (n-type region). Therefore, as electron-hole pairs separated, the electrons will 
diffuse toward the n-region while the holes will diffuse toward the p-region. This creates 
a voltage between the contacts at the front and the rear side of the solar cell and hence 
generated electric power, as illustrated in Fig. 2.1. Fig. 2.3 shows a solar spectrum AM 







Fig. 2.2 Relationship between short circuit current density Jsc, open circuit voltage Voc, 
and fill factor ff 
the band gap energy, Eg, of the active material, does not have enough energy to excite 
electron-hole pairs. As in case of silicon, the band gap is 1.11 eV at 302 K [1]. For 
photons energy above the band gap, Eph > Eg, the electron-hole pairs may excite, 
however excess of the energy above the band gap, Eph − Eg, will be lost as heat in the 
solar cell. Therefore, solar spectrum from 300 nm to 1100 nm could actually be utilized 
to create an electron-hole pair in silicon solar cell [2].   
 
2.2 Short circuit current density, solar spectrum, and optical absorption  
Performance of solar cell is normally indicated by efficiency, η. Efficiency is the 
percentage of the incident light that exposed to the cell and converted into electrical 
energy and can be defined as, 
  
        
   
        (2.2.1) 
where, 
Jsc: is a short circuit current density, maximum current per unit area supplied by a solar 
cell. A high Jsc indicates good light absorption and low recombination. 
Voc: is a open circuit voltage, maximum voltage over the terminals when no current is 




Figure 2.3 The figure shows the AM 1.5 solar spectrum and effective solar spectrum for 
silicon to convert light to electric energy. 
factors that contribute to a high Voc. 
ff: is a fill factor, ratio of the current times voltage when the solar cell operating at 
maximum power output to the product of Jsc times Voc. A high ff 
indicates low series resistance and high shunt resistance and therefore prerequisite a high 
efficiency solar cells. 
Pin: total of incident power which is normally AM 1.5G solar spectrum. 
The above parameters could be illustrated as Fig. 2.2 and Fig. 2.3. For the measurement, 
standard testing conditions using a power flux of 1000 W/m2 and the AM 1.5G solar 
spectrum [2].  
The short-circuit current is a generation and collection of light-generated carriers 
when the voltage is zero; therefore, it is a maximum current could be produced. Since 
only optical properties are the primary interest in this thesis, an assumption that each 
photon absorbed in the active layer generates an electron hole pair; reveals the maximum 
potential of Jsc. Therefore, short circuit current density can be computed as 
              
    
   00




Fig. 2.4 Illustration of loss mechanism in solar cell that may reduce short circuit current 
density 
Where e is charge of an electron, α ( ) is the optical absorption,   is the wavelength and 
S ( ) is the incident solar photon flux density from AM 1.5G spectrum. The integration of 
Eq. 2.2.2 are performed from 300 nm to 1100 nm for silicon since the absorption above 
1100 nm and below 300 nm has no significant contribution to Jsc for silicon solar cell. In 
this thesis, the optical absorption is calculated using simulations and optical measurement 
by spectrophotometer and the details will be discussed in the next chapter. 
However, in practice, several loss mechanisms reduced Jsc.  Shadowing, free 
carrier absorption, and recombination contributed to the loss mechanism as illustrated in 
Figure 2.4. Shadowing is a loss due to the front contacts which generally about 7-8 % of 
the solar cell surface of a typical wafer based Si solar cell. The second type of loss 
mechanism is by Auger recombination; the electron thermalizes back down to the 
conduction band edge due to the recombination of electron and a hole where the process 
emitting the energy as heat or a photon and given to a third carrier, an electron in the 
conduction band. The Auger recombination is necessary at high carrier concentrations 
caused by heavy doping or high concentrated incident light and limits the lifetime and 
maximum efficiency. Loss mechanism also can be caused by Shockley-Read-Hall (SRH) 
recombination. This type of recombination occurs at the defects, either by doping or 
crystal lattice and does not occur in perfectly pure, undefected material.  
 
2.3 Light Trapping in thin-film solar cell 
Silicon solar cell today have a thickness normally around 180 – 300 μm to efficiently 
absorb the entire solar spectrum above the band gap. However, in order to reduce the 
material and hence lower the cost of solar cell, the thickness of active material (Si) has to 
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be reduced. As the thickness reduced, higher photocarrier concentration with less bulk 
recombination in the active layer can be achieved [3]. However, the absorption depth of 
silicon is poor at long wavelength range and results low conversion efficiency. The 
relation between the absorption coefficient, α and imaginary part of refractive index, k 
can be expressed as, 
    
   
 
             (2.3.1) 
and for linear absorbing material, light intensity, I, decays exponentially with propagation 
length, t, known as the Beer-Lambert law, 
      
                             (2.3.2)  
where I0 is the intensity at t = 0. The wavelength dependent of absorption coefficient and 
absorption depth of silicon can be shown in Fig. 2.5. As can be seen from the figure, 
absorption coefficient of silicon is low at wavelength near band gap. Therefore, in order 
to realize a high efficiency of thin film silicon solar cell light trapping is an essential task. 
The trapping of light inside an active layer could be achieved by refracting and 
reflecting the light by texturing the solar cell. Texturing the solar cell changing the angle 
of light and therefore trapped light will travel further in the material, which will greatly 
 




Fig. 2.6 Schematic diagram of light trapping concept 
increase the probability of absorption and hence of producing charge carriers as shown in 
Fig. 2.6. Consequently, an optimum solar cell structure will have light trapping where the 
optical path length is several times then actual device thickness. The optical path length 
of a device refers to the distance that an unabsorbed photon may travel within the device 
before it escapes out of the device and usually defined in terms of device thickness. 
Textured surface could also reduced reflection, thus giving a longer optical path length 
than the physical device thickness. 
The conventional light trapping usually use for wafer based silicon solar cell often 
faceted by anisotropic etching [4-7] or by mechanical grinding [8-11]. By using these 
techniques the structure has a texture of magnitude larger than the thin film active layer 
and it also unable to optimizing the light trapping into the active layer for thin film solar 
cell. However with the recent technologies, the light trapping with magnitude of 
nanometers can be fabricate and applicable to thin film solar cell. Over the past few years, 
a lot of attempt to enhance optical absorption by using light trapping technique in thin 
film solar cell has been done. The light trapping by could be classified by two major 
group; 1) photonic structures and 2) plasmonic structures. Photonic structure is 
engineered nanostructures either by randomized or periodic, while plasmonic structure 
applying metal as a medium of light trapping. Some of the example for photonic 
structures is [12-15] and plasmonic structures are [16-19] and some were shown in Fig. 
2.7 and 2.8.  Significant enhancement in thin film silicon solar cell has been reported by 




Fig. 2.7 Some examples of light trapping by photonic structures (a) [20], (b) [21], (c) [22] 
and (d) [23] 
 




active layer [12, 13, 17]. However, texturing rear side of active layer will only enhanced 
optical absorption in long wavelength range as short wavelength range has been absorbed 
as light propagate an active layer of solar cells. In order to enhance optical absorption in 
broad wavelength range, texturing front surface of active layer could give wider range of 
absorption enhancement as long wavelength range will be reflected back by back 
reflector which is normally used in thin film solar cell.  
2.3.1 Lambertian light trapping 
Light trapping by random textured or Lambertian structures has been well known and can 
be apply in thin film solar cell. By definition Lambertian surface frilly randomize the 
reflected and the transmitted light for all wavelengths. The light trapping by roughening 
active layer, provides a medium for total internal reflection to be occurs. Total internal 
reflection hence results in much longer propagation distance inside the material and 
enhanced absorption. In 1982, Yablonovitch [28] reported an ideal Lambertian surface 
and showed a maximum path length of light 4n
2
d (n and d are the refractive index and  
thickness of the layer) can be achieved by using geometrical optics considerations. The 
Lambertian limit also commonly referred to as the Yablonovitch limit and for silicon 
active layer this equals to 50 times enhancement of light path length compared to the 
silicon without any textures for the same thickness. The path length enhancement also 
incident angle independence due to the isotropic response of Lambertian surface. 
Goetzberger reported the benefit of Lambertian surfaces for thin-film solar cells [18]. 
 
Fig. 2.9 Light trapping by random structures, where random back reflector placed on rear 
of the cell 
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The analytical expression for optical absorption in for zero front surface and unity 
back surface reflectance Lambertian front surface is given by  
  
             
 
           
                 (2.2.3) 
where 
                      
              
 
  
      (2.2.4) 
is transmittance of fully randomized light through a planar film of thickness d  which has 
zero front and back surface reflectance. The lowest order of αd leads to average path 
length, 
         
    
 
                       (2.2.5) 
where n denotes the refractive index of the cell, the first result derived by Yablonovitch 
and Cody [29].  
 The average path length equals the theoretical maximum lmax of the average path 
length for any geometrical light trapping scheme under isotropic incident light [30, 31]. 
Therefore, optimum optical absorption can be achieved if all the isotropic incident light 
having a path length that equals theoretical maximum, 
                                   (2.2.6) 
By assuming perfect antireflection and perfect light-trapping, optimum absorption of 
perfect geometrical light-trapping can be expressed as  
        
 
       
           (2.2.6) 
Although theoretical studies shows a big potential of optimum absorption of Lambertian 
surfaces, however such properties has not yet been demonstrated [32, 33] in case of 
silicon even though several attempts has been made in optical characterization by 




Fig. 2.10 Schematic illustration of one dimension (1D) periodicity, two dimension (2D) 
periodicity and three dimension (3D) periodicity of periodic structure 
2.3.2 Light trapping by periodic nanostructure 
Geometrical optics laws could no longer be apply as wavelength of incident light is 
comparable to lattice constant of periodic structures. Periodic structures may have one, 
two, or three dimensional of periodicity which yields many interesting properties that are 
not encountered in geometrical optics. As well as random structures, light trapping by 
periodic nanostructures can be achieved by coupling incident light into guided modes. 
Guided modes occur in high-index thin film of active layer. As a periodicity of 
nanostructures is comparable to incident light wavelength, it can be coupled to at least 
one guided mode, creating a guided resonance [34]. The guided resonance appeared as a 
peak where the absorption is strongly enhanced. 
In order to enhance absorption in active layer for broad solar spectrum, the collection 
of peak of guided resonance is importance and can be optimized by tuning lattice 
constant, and other parameter of periodic structure. There are many attempts of exploiting 
periodic nanostructure to increased optical absorption in active layer. The earlier attempt 
by Sheng et al. [35] showed a potential gain in light trapping from periodic structure 
while Heine et al. [36] used a blazed grating design to improved light trapping efficiency 
by numerical simulations. The light trapping with periodic nanostructure may exceed the 
Lambertian limit for a limited spectrum range [35, 37]. However, for a broad-banded 
spectrum, it is still remained unclear that periodic nanostructures have a possibility to 
exceed Lambertian Limit. For a very thin cell, periodic nanostructures may surpass 
Lambertian limit over the whole solar spectrum as reported by Tob´ıas et al. [38]. 
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However it should be noted that the overall absorption remained low due to the small 
thickness. Numbers of experimental results for light trapping using periodic 
nanostructures has been reported such as thin film silicon solar cell [14, 39-43] or thin 
film organic solar cells [44-47]. A comparison of light trapping by periodic 
nanostructures and random structures has also been reported by Battaglia et al. [48] 
which shows that better absorption can be achieved for periodic nanostructures than 
random textures. The path length enhancement by periodic nanostructure may be applied 
in the front surface of active layer [49-52] and rear surface of an active layer [22, 53-55]. 
The advantage of texturing periodic nanostructure in front layer, is that it could provide 
both anti-reflective and light trapping effect, while texturing rear surface only could 
enhanced absorption in long wavelength range as short and middle range of incident light 
has been absorbed by active layer.  
 
2.3.2.1 Periodic nanohole and nanorod structure  
Periodic nanorod or nanohole structure can be classified as two dimension (2D) 
periodicity as shown in Fig. 2.10(b). Based on statistical coupled-mode 
 
Fig. 2.11 (a) Channels in 2D periodic nanostructure (b) Limit of absorption enhancement 
(c) Angular response of the average enhancement factor integrated over wavelength (d) 
When periodicity is L = 5p [56] 
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theory, for two dimension periodicity and plane wave in normal incident angle, at long 
wavelength range, numbers of resonance is low and increased quadratically as 
wavelength move to the short range [56]. 
The average maximum enhancement factor may reach 8n
2
 (Lambertian limit is 
4n
2
) in the vicinity of normal direction as shown in Fig. 2.11. Although the average 
maximum enhancement is angular dependency, the theory clearly showed the possibility 
of 2D periodicity to obtain a broad-band enhancement higher than Lambertian limit.  
 At first, periodic nanorod/nanowire/nanopillar structure has received an attention 
due to its superior optical properties, such as low reflection and reduced transmission 
over a wide range of solar spectrum [57-59]. Furthermore, by designing periodic nanorod 
structure with radial p-n junction, enable efficient free carrier collection due to the short 
path of the junction to the electrodes. Numerical simulations has been reported that 
periodic nanorod structure possibility to enhanced absorption [60, 61] while experimental 
results shows that periodic nanorod suppressed reflection for wide spectrum range [62, 
63] and improved efficiency for the active layer that have same film thickness. A high-
aspect-ratio of periodic nanorod with skewed pyramid exceeded the Lambertian limit 
over a broad wavelength range as reported by Han et al. [54]. However, in fact of low 
reflectivity and high absorption shown by periodic nanorod structure, it can easily crack 
and fragile to handle. Therefore, nanohole design that posseses a robust mechanical 
stability can serve as an alternative solution. Furthermore Han et al. also theoretically 
demonstrated that nanohole arrays exhibit better To the date, only a few researches 
focusing on texturing active layer of thin film solar cell with periodic nanohole structure 
[64, 65]. The main investigations based on periodic nanohole structure on silicon thin 
film received an intention to several researchers [66-70]. Motivated by these theoretical 
studies, the practical implementation of nanostructures in thin-film solar cells and its 
experimental verification has become an intriguing subject. Currently, silicon technology 
allows the low-cost fabrication of NH arrays over a large area with precise dimensions 
[71-73] . Some of the experimental studies of periodic NH arrays on thick c-Si solar cells 
have been reported [74-76]  and shows a good improvement of light absorption. These 
experimental studies suggest the great potential of periodic NH arrays to enhance the 
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light absorption of thinner thin-film c-Si solar cells. optical absorption compared to 
nanorod arrays with the same filling ratio and thickness [67]. 
Table 2.1 Some representat[4]ive of front textured thin film solar cell and the efficiency 
Front structure Thickness (μm) Efficiency (theory, %) Author 
Nano Pillar 1.8 27 J. Li  et al. (2009) [77] 
Inverted pyramid + 
AR 
10 25 
A. Mavokefolos et al. 
(2012) [78] 
Nanorod 2.3 28 
S.E. Han et al. (2010) 
[67] 
Nanocone 2 32 
Wang  K.X et al. 
(2012) [13] 
 
Studies focusing on absorption enhancement in ultrathin c-Si solar cells (e.g. <3 
m thickness) with periodic NH arrays have been reported [15, 64, 66, 68, 79, 80], 
however, to the date, few have reported experimental results [15, 80]. Therefore in this 
thesis, the performance of light trapping in thin film c-Si (1 μm) solar cell has been 
carried out by designed, optimized nanohole parameter through simulations and optical 
measurements. To further boost the optical absorption, an attempt has been made by 
depositing Au nanoparticle to the periodic NH array to investigate the potential of the 
metal nanoparticle in conjuction with  nanohole array. 
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Chapter 3  
 
Optical modeling method and characterization techniques 
 
The effect of periodic nanohole structure in silicon solar cell has been investigated 
through simulations and optical measurements. A brief theoretical and technical method 
used in this study is introduced in this chapter. The optical properties used in the 
simulation also elaborated in the second part of this chapter. This chapter also focuses on 
the optical characterization tools used and the last part will introduced the fabrication of 
the samples. 
 
3.1 Finite difference time domain (FDTD) 
Finite-difference time-domain (FDTD) is a technique that computing the propagation of 
light waves in arbitrary geometries. The FDTD method solves Maxwell’s equations 
directly and does not have any approximations or theoretical restrictions. Therefore, 
FDTD provides includes more effects than other methods. It was introduced by Yee [1] 
where Maxwell equations are solved by discretizing time and space.  
 
Figure 3.1 Yee cell. H field is computed at points shifted one-half grid spacing from the E 
field grid points [2].  
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3.1.1 The FDTD Algorithm 
Maxwell’s curl equation is written as a six simple scalar equations. One example 
is: 






   
  
 
   
  
                                                
(3.1.1.1) 
The other five are symmetric equivalents of the above and are obtained by 
cyclically exchanging the x, y, and z subscripts and derivatives. Maxwell’s 
equations describe a situation in which the temporal change in the E field is 
dependent upon the spatial variation of the H field, and vice versa. Generally, 
these equations are solved based on Yee’s mesh as shown in Fig. 3.1. The E and 
H fields components are computed at points on a mesh grid with grid points 
spaced Δx, Δy, and Δz apart. The E and the H field components are then 
interlaced in all three spatial dimensions. Time is also separated by discrete steps 
of Δt. The E field components are then computed at times t = nΔt while H fields 
at times t = (n+1/2)Δt, and n is an integer representing the compute step. This 
method results in six equations that can be used to compute the field at a given 
mesh point, denoted by integers i, j, k.  
In order to use FDTD, several parameters are required to performed simulation. In 
this study, necessary parameters are: 
I. Material parameter: In order to study the propagation of lights fields in the 
structure, material used in the simulation must be specified. The materials 
relative permittivity ε(r,ω) and relative permeability μ(r,ω) as a function of 
space and/or frequency have to be provide in order to study the propagation 
of lights in the material. 
II. Electromagnetic field excitation: Electromagnetic field excitation can be 
expressed as an incident light (launch field). The launch field that penetrates 
structure under study must be defined. Since the investigation under steady-




III. Boundary conditions:  In order to realize the designed model in FDTD, it is 
necessary to know how the fields behave at computational domain.  
Boundary conditions could be perfectly matched layer (PML), periodic, 
symmetric, anti-symmetric or perfect electric conductor (PEC). In this study, 
PML was used in y direction and periodic boundary condition has been 
applied in x and z direction. PML boundary condition will absorbed all 
energy, without producing reflections while periodic boundary condition is 
chosen such that the simulation is equivalent to an infinite structure 
composed of the basic computational domain repeated endlessly in all 
dimensions. 
IV. Mesh size: In order to produce an accurate simulation, the mesh size of 
simulation must be small enough to resolve the smallest feature. Usually, the 
mesh size is less than  /10 where   is the wavelength in the material and 
therefore enough to resolve the wavelength in time. The mesh size on this 
thesis based on convergence study results in order to save time but satisfied 
the accuracy. The mesh size used in each situation will be discussed in each 
chapter. Courant condition that relates the spatial and temporal step size is 
applied to obtain a stable simulation,  




                 
 
                                        
(3.1.1.2) 
where c is the velocity of light. The simulation run from time, t=0 to the time 
that reach steady state condition. Monitor concept is introduced in FDTD in 
order to measures a quantity of interest either at a single point or over a 
specified domain as a function of time. By arranging the position of monitor 
and selecting a desired output, absorption, reflection, and transmission of the 
structure can be calculated. In this thesis, the interest is on the absorption on 




     
 
 
         
 
                                       
(3.1.1.3) 
   
where E is the electric field, ε is the spatially dependent permittivity, and dV 
is the finite volume in the monitored volume V. 
 
Figure 3.2 RCWA simulation domain and index resolution in the simulation layer 
 
3.2. Rigorously coupled wave analysis (RCWA) 
Rigorously Coupled Wave Analysis (RCWA) technique has also been applied to 
investigate the design structure at off-normal incident angle condition. RCWA [3-5] 
represents the electromagnetic fields as a sum over coupled waves. RCWA method 
treated so that the designed structure will be sliced, resulting in a stair-case 
approximation of the interface. Fig. 3.2 shows the illustrated concept of RCWA where (b) 
showing a slicing of interface. Therefore, all kinds of stacks can be treated correctly. 
generally, the full interference between the layers is assumed.A periodic permittivity 
function is represented using Fourier harmonics. Where each coupled wave is related to a 
Fourier harmonic, and Maxwell’s equations are solved in the Fourier domain. The 
diffraction efficiencies calculated at the end of simulation, therefore RCWA is a well-
known method for a periodic structure [5-7]. In this analysis, RCWA is enhanced with 
Modal Transmission Line (MTL) theory. The MTL [8] approach uses summations over 
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individual modes to represent the electromagnetic fields. Therefore it provides more 
systematic procedure to deal with complex geometries, especially those including good 
electric conductors. Another benefit of the MTL method is that it eliminates possible 
stability problems, which may be encountered in other numerical schemes, such as the 
transfer matrix method. 
3.2.1 Brief technical overview of RCWA 
Assuming time harmonic factor exp[-iωt], Maxwell’s equations can be written as 
 
  
   
 
  
         
 
  
   
 
  
         
 
  
   
 
  




   
 
  
               
 
  
   
 
  
               
 
  
   
 
  
                                                          
(3.2.2) 
where the medium is characterized with diagonal elements εr,x, εr,y, and εr,z. 
Substituting equation 3.2.1 into equation 3.2.1, the transverse format of 
Maxwell’s equations can be expressed. In order to calculate the reflected and 
transmitted light with an accurate diffraction efficiencies, fine simulation grid are 
necessary. With the combination of RCWA and MTL methods efficient and 
accurate solutions for the amplitude of each diffraction order could be achieved. 
The way is that periodic structure will be decomposed into stacks of such basic 
building blocks with a vertically homogenous region. Periodicity of the structure 
follows Bloch’s Theorem where,  
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By substituting equation 3.2.2 into equation 3.2.3, an eigenvalue problem can be 
solved.  In RCWA, the harmonics must be used to expand the refractive index and 
field in Fourier space. The accuracy of the simulation depends on the harmonics 
used. However, the greater the number of harmonics used, more simulation time and 
memory are required.  Therefore a convergence study has been performed. In 
general, as the period to wavelength ratio increases, harmonics also increased.  
 
3.3 Optical constant of the materials 
The optical properties of a material are determined by its complex refractive index.  
                                                                         (3.3.1) 
The imaginary part of the refractive index is directly related to the absorption of the 
material while the real part n is related to the optical density of the material. In both 
simulations all materials data used are dependent on the wavelength. The optical 
data for silicon, Ag, Au, and ITO were taken from references [9, 10]. Figure 3.3 
indicates the optical data for each material used in both simulations. 
 
3.4 Optical characterization tools 
3.4.1 Spectrophotometer 




The optical characterization of designed structure has been measured by using 
spectrophotometer. Spectrophotometer is a photometer that can measure 
reflection or transmission properties of material as a function of wavelength. In 
this investigation, optical reflection measurements were carried out under 300 to 
 
Figure 3.3 Real and Imaginary refractive indices of silicon, ITO, Ag and Au used in 
simulation.   
1100 nm spectral range in ambient air using a JASCO ARSN-733 
spectrophotometer. The accuracy of the spectrophotometer is 1% and incident 
angle could be tilted from θ =10 ~ 60 degrees for each reflectance measurement 
with a small scanning step size of 1 nm. Reflectance are measured by rotating the 
sample stage to determine the angle of the light incident upon the sample and 





Figure 3.4. UV/VIS Spectrophotometer operation schematic diagram used for specular 
reflectance and scattering measurement  
3.4.1.2 UV/VIS Integrating Sphere Spectrophotometer 
The optical measurement in this study also used UV/VIS integrated sphere 
spectrophotometer. This model is attached with integrating sphere so that it 
applicable of measuring diffuse reflectance and diffuse transmittance of the 
sample.  The model use for measuring diffusive reflectance and transmittance of 
sample is JASCO ISN-723 (Fig. 3.5) with the wavelength range and scanning step 
size of 1 nm.   
 
Figure 3.5 UV/VIS Integrating sphere spectrophotometer illustration used for diffusive 
reflectance of sample   
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3.4.1.3 UV-VIS/NIR Microscopic Spectrophotometer 
For a small sample measurement, microscopic spectrophotometer has been used. 
This spectrophotometer has ability to measure reflectance and transmittance as 
small as 60 μm sample size. The system incorporates a double-beam scanning 
spectrophotometer for optimum measurements in the UV-VIS to NIR region 
(200-2700 nm). This system used wide-band cassegrain reflector that directs 
monochromatic light to the sample surface for average of 23°(16.97°~34.75°) 
incident angle of the normal and detects light reflected from the sample surface 
within the same average of 23° angle. Wavelength accuracy is 0.3 nm at 
wavelength 656 nm and 1.5 nm at wavelength 1312 nm. A PC-controlled used 
and in combination with the standard optical zoom feature to provide imaging of 
the sample with a high-resolution CMOS camera.  
 




3.4.2.1 Scanning electron microscope (SEM) 
A Scanning electron microscope (SEM) was used in order to investigate the 
surface of samples. SEM is a type of electron microscope that produces image of 
sample surface by scanning with a focused beam of electrons. Various signals are 
detected as electrons interact with electrons in the sample which contain 
information about the sample’s surface.  The SEM instrument used in this study is 
JEOL JSM-5600LV.  The resolution of the instrument depends on the sample and 
the operator. 
3.4.2.2 Confocal laser scanning microscope  
The depth of periodic nanohole sample has been measured by confocal laser 
scanning microscope, OPTELICS H1200. The principle of confocal laser scanning 
microscope is shown in Fig. 3.7. The photoreceptor receives only the reflective 
light in focus. Therefore, an image of high contrast and clearness could be 
achieved as the influenced of unnecessary scattered light were removed.  The 
portion in focus based on confocal system could give optical tomographic image. 
By recording in-focus image information corresponding to the Z direction which 
moves at a constant speed, an image of high resolution and deep focal depth with 
height information could be obtained. Confocal laser scanning microscope not only 
gives an image of a sample, also could measure height different, surface roughness, 
line width, shape character analysis and linkage the image.  
 
Figure 3.7 Principle of confocal laser scanning microscope 
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3.5 Sample fabrication 
As a first step of this study, a sample of periodic NH array on silicon wafer has been 
fabricated. This sample was fabricated by a photolithography technique at Kyodo 
International Incorporation. First a polished and cleaned surface of a silicon wafer was 
coated with photoresist. The photoresist was exposed to ultraviolet (UV) light through a 
photomask with a predefined pattern. The photoresist cured in UV light and formed an 
image on the surface of the coated silicon wafer. The area that was not protected by the 
photoresist was etched away by a dry etching technique. This technique was done with an 
ICP-RIE machine, which produce an ordered hexagonal NH array with a diameter of 500 
nm and 1 m depth. The rest of remaining photoresist was then removed. A simple 
schematic illustration of photolithography process is shown in Fig. 3.8.   
Samples for thin film silicon (1-µm) with periodic NH also have been fabricated. The 
fabricated samples used an optimized parameter given by simulations results. Thin film 
silicon layer was fabricated on a silica glass substrate using magnetron sputtering, while 
NH arrays were formed using an electron beam lithography technique and plasma etching. 
Thin film silicon on glass substrates was prepared by Kyodo International Incorporation 
and periodic NH was fabricated at Elionix Incorporation. The advantage of electron beam 
lithography is it needs no photomask, and therefore it is possible to make a structure in 
nanometer scale. However, throughput of electron beam lithography is small due to the 
very long time for a large scale sample. 
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Chapter 4  
 
Light trapping potential of hexagonal array silicon nanohole 
structure 
 
4.1 Introduction  
Currently, electricity generation from solar radiation via solar cell use, a renewable, safe, 
and clean energy source, has attracted the interest of many researchers, engineers, and the 
world community. This is because sun radiation can be directly converted into electricity 
with no noise or moving parts, making such a system robust, reliable, low maintenance, 
and long lasting. However, a major drawback of the solar cell is its relatively low 
efficiency of electricity production compared to that from a conventional power plant. 
Thus, a huge area of land is usually required for the same output to be obtained from 
solar cells as from a conventional power plant. Therefore, improvement of solar cell 
efficiency is crucial before the solar cell can completely replace conventional energy 
sources.  
Several researchers have proposed a few approaches for enhancing the efficiency of 
the solar cell. K. Mark studied the potential of the multi-junction technique to absorb 
light in the entire wavelength range and thus reduce photon loss [1]. Erjing et al. used 
transparent conductive oxides (TCOs) as antireflection (AR): TCO serves as an ohmic 
contact to improve transport of photogenerated charge carriers [2]. Teo et al. applied an 
active cooling system with a solar cell module [3]. The cooling system plays a role in 
removing heat from a solar cell, which eventually contributes to efficiency enhancement. 
Meanwhile, a light-trapping technique to reduce reflectance and increase absorption of 
solar radiation in the active layer of a solar cell has also received attention. Light-trapping 
techniques are capable in elongating optical path length and subsequently increasing 
dwell time of incident light. This could give rise to opportunities photon absorption in the 
active layer. Several techniques for trapping light, such as diffraction gratings [4, 5], 
metal nanoparticles [6-8], and active layer texturing [9, 10] have been investigated. Most 
past theoretical and experimental studies focused on nanorod structure on the active layer 
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of the solar cell [11, 12]. However, only a few researchers designed a nanohole structure 
to serve as an alternative solution [13-16] . Therefore, it is of primary importance that the 
potential of nanohole structure, textured on the active layer of a solar cell to increase 
efficiency, be investigated. 
As the first step in this study, a hexagonal array NH structure on the silicon surface 
was proposed for reflectance reduction. Diffractions are expected in NH structures, 
trapping incident light and subsequently enhancing optical absorption in the active layer. 
These effects might increase short circuit current density and hence efficiency of the solar 
cell. In the present investigation, a hexagonal array NH structure pattern was fabricated 
on a silicon wafer (1 mm) by using a photolithography technique. In order to test the 
ability of a hexagonal array silicon NH structure to reduce the reflectance, optical 
reflection measurements were conducted by spectrophotometer. On the basis of the  
 
Fig. 4.1 (a), (b) Top views of SEM image (c) photograph,of hexagonal array silicon 
nanohole fabricated on silicon wafer  
pattern further investigation on the light-trapping behavior of the proposed structure was 
carried out by 3D finite-difference time-domain (FDTD) simulation. Since indium tin 
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oxide (ITO) layer plays an important role as a transparent conductive oxide (TCO) and as 
an antireflection (AR) coating for the solar cell, further simulation with a thin layer of 
ITO on the hexagonal array NH structure was also carried out. 
 
4.2 Experimental and simulation procedure  
The sample was fabricated by a photolithography technique. The polished and cleaned 
surface of a silicon wafer was coated with photoresist. The photoresist was exposed to 
ultraviolet (UV) light through a photomask with a predefined pattern. The photoresist 
cured in UV light and formed an image on the surface of the coated silicon wafer. The 
area that was not protected by the photoresist was etched away by a dry etching technique. 
This technique was done with an ICP-RIE machine, to produce an ordered hexagonal NH. 
Finally, the remaining photoresist was removed. 
A scanning electron microscope (SEM) was employed to observe the pattern of 
the structured surface, as shown in Fig. 4.2.1. Optical reflection measurements were  
 
Fig. 4.2 (a) Model of hexagonal array silicon NH structure; (b) top view and (c) side view 





carried out under a 300-1100 nm spectral range in ambient air, using a JASCO ARSN-
733 spectrophotometer with 1% accuracy. The incident angle was tilted from 10 to 60 
degrees for each reflectance measurement. Accuracy of the measurement was ensured by 
repeating and averaging the measurements at three different locations and using a small 
scanning step size, 1 nm. In addition, similar measurements were made on a non-
patterned (NP) silicon wafer for comparison. 
To provide in-depth understanding of the effect of hexagonal array silicon NH 
structure pattern on reflectance of silicon wafer, full-field electromagnetic simulation was 
performed by 3D, full field finite difference time domain, provided by commercially 
available software. This method rigorously solves Maxwell’s equations and subsequently 
calculates electromagnetic field as a function of time and position. Fig. 4.2.2 shows the 
configuration of the hexagonal array silicon NH structure model used in the simulation, 
with all parameters the same as the fabricated sample. The optical constants of silicon 
and indium tin oxide were taken from reference [17]. Air is the surrounding medium of 
the simulated structure, with a permittivity (εair) of 1. Periodic boundary conditions were 
implemented in the x and z directions. Infinite size was assumed for both directions, 
while perfectly matched layer (PML) boundary conditions were used in the y direction, in 
order to absorb all waves moving toward the external simulation regime without 
producing reflection. A mesh size of 5 nm with plane wave excitation was applied. This 
value was chosen to ensure convergence. The reflection spectrum was determined by 
power flow through the monitor domain, located above the hexagonal array silicon NH 
structure. 
 
4.3 Results and discussion  
Fig. 4.3 shows a measured hemispherical reflectance spectra for hexagonal array silicon 
NH and nonpatterned. Hemispherical reflectance spectra shows a suppression in 
reflectance for the entire wavelength range with relative improvement compared to 
nonpatterned for 10.4% weighted to AM 1.5 G solar spectrum. Specular reflectance 
spectra obtained from optical reflection measurements of both hexagonal array silicon 
NH and nonpatterned silicon for incident angle from 10 to 60 degrees are shown in Fig. 




Fig. 4.3 Measured hemispherical reflectance spectra for hexagonal array silicon nanohole 
and nonpatterned silicon 
were almost the same and exhibited incident angle independence in the wavelength range 
below 450 nm; reflectance spectra increased with increasing incident angle in the higher 
wavelength range. It is interesting to note that the reflectance showed a consistent low 
value at approximately 29% in the wavelength range above 650 nm, even though incident 
angle was increased from 10 to 30 degrees. However, reflectance showed an increment 
up to 2% as the incident angle tilted 40 degrees and above. These results clearly 
demonstrate the ability of hexagonal array silicon NH structure to reduce the reflectance 
of silicon wafer.  
In order to further investigate the lower reflectance behavior shown by a hexagonal 
array silicon NH structure, a series of simulations were systematically performed using 
3D-FDTD for incident angles of 5 degrees. Reflectance values obtained from the 
simulation were plotted against  wavelength, as shown in Fig. 4.5. In addition, reflectance 
spectra from optical hemispherical reflection measurements are shown in figure. As the 




Fig. 4.4 Measured specular reflectance spectra for hexagonal array silicon nanohole and 




Fig. 4.5 Comparison between simulation and measurement for hexagonal array silicon 
nanohole structure 
measurements. Defects in the sample may result in small differences between simulation 
and actual measurement. However, the overall shape of the reflectance spectra 
correspond well, although slightly lower reflectance can be observed in hexagonal array 
silicon NH structure. This indicates that the simulation is reasonable for representing 
measurement results.  
Further investigation was carried out by inspection of absorption intensity for  
wavelengths 350 nm, 750 nm, 980 nm, and 1100 nm, as shown in Fig. 4.6. The selected 
wavelength represents the dip at the shortest, middle, third-quarter, and longest 
wavelength in the range of interest, respectively. The selected wavelength represents the 
dip at the shortest, middle, third-quarter, and longest wavelength in the range of interest, 
respectively. From the figures,  high absorption intensity was observed in the NH for all 
selected wavelengths. Fig.4.6 shows the absorption of hexagonal array silicon and non-
patterned silicon in the XY plane at wavelengths 350nm, 750nm, 980 nm 1100 nm 
respectively. From the figure, it is clearly shown that hexagonal array silicon NH 




Fig. 4.6 Absorption for hexagonal array silicon NH (left) and nonpatterned silicon 




surface area of hexagonal silicon NH and antireflective effect provide an opportunities 
for incident light to be absorbed compared to nonpatterned case. For longer wavelength 
range, incident light is diffracted by hexagonal array silicon NH array, and therefore the 
absorption is higher compared to the nonpatterned silicon where the absorption is 
uniform.  
The results obtained from optical measurement and simulation clearly showed 
that hexagonal array silicon NH structure not only acts as antireflection, but also 
contributes to the enhancement of incident light absorption in the silicon. These effects 
are expected to improve short circuit current density and, hence, conversion efficiency of 
silicon solar cells. Based on the results above, the proposed hexagonal array silicon NH 
structure obviously demonstrates good potential for application on a solar cell.  
In general, a solar cell is coated with ITO, which serves as a transparent 
conductive oxide (TCO) and antireflection (AR) coating. Therefore, it is essential one 
investigate the effect of an ITO coating on the reflectance of a hexagonal array silicon 
NH structure. The optimum thickness for single-layer ITO needed to obtain minimum 
reflectance was determined from the equation [19].  
0 ITO ITO4 ,n d                                              
(4.3.1) 
where 0  is the midrange wavelength of the solar spectrum (550 nm) and ITOn  and ITOd  
(85 nm) are the refractive  index and thickness of ITO, respectively. In this study, the 
ITO layer was designed not to fill up the nanohole but to coat the surface of the proposed 
structure. Fig. 4.7 shows simulation results for hexagonal array silicon NH and non-
patterned silicon, both coated with ITO at incident angle of 5 degree. Reflectance spectra 
of uncoated hexagonal array silicon nanohole structure and nonpatterned silicon are also 
shown, for comparison.  
With the introduction of an ITO layer, reflectance of the hexagonal array silicon 
NH structure was dramatically decreased for nearly the entire wavelength range, except 
between 400 and 440 nm. In the short wavelength range, reflectance of hexagonal array 
silicon NH decreased in average of 16 % compared to nonpatterned with ITO structure. 




Fig. 4.7 Simulation results of reflectance spectra for nonpatterned, nonpatterned with ITO, 
and hexagonal array silicon NH with and without ITO at incident angle of 5 °. 
with ITO maintained low reflectance values of less than 10%  which were lower 
compared to nonpatterned with ITO. In the middle range of the spectrum, zero 
reflectance was achieved for hexagonal array silicon NH with ITO and nonpatterned with 
ITO. This indicates that the combination of hexagonal array silicon NH structure with an 
ITO layer allowed suppression of reflectance. Therefore, texturing silicon with hexagonal 
array nanohole structure and then coating it with an ITO layer provides a high possiblity 
that absorption in the silicon layer will be enhanced. 
 
4.4 Conclusion  
We experimentally demonstrated the potential of hexagonal array silicon NH structure 
for reducing reflectance of silicon in the entire wavelength range. The reduction of 
reflectance was relatively 10.4% compared to what is seen in nonpatterned silicon. The 
results were confirmed and investigated in detail by 3D-FDTD simulation. It is predicted 
that the enhancement of the absorption and electric field intensity for the entire 
wavelength is due to the large surface area and diffraction of incoming incident light by 
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nanohole array structure. Furthermore, reflection was greatly reduced for almost the 
entire wavelength range by introduction of an ITO layer on the hexagonal array silicon 
NH structure. This indicates that the proposed hexagonal array silicon NH structure has a 
high potential to enhance solar cell conversion efficiency.  
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Chapter 5  
 
Characterization of light trapping in thin-film silicon with 
periodic nanohole arrays 
 
5.1 Introduction  
In the first chapter, the potential of periodic NH arrays in silicon wafer has been 
investigated. It is clearly shown that NH arrays provide a space for light to be trapped in 
silicon and therefore expected to increase efficiency of silicon solar cell. For wafer based 
silicon solar cell, the optical thickness of crystalline silicon wafer is around 180 to 300 
m to nearly absorb all the spectrums from the sunlight and manipulates almost 80% of 
the world market today. However, the high processing cost during purification of silicon 
has retarded the spread of the solar cell energy and currently failed to compete with 
current fossil power sources [1, 2]. 
One of the approaches to eliminate this problem is by introducing thin film solar cell 
with absorber thickness of few micrometers. By using thin film concept, solar cell 
required not only less material for fabrication but also higher photocarrier concentration 
with less bulk recombination in the active layer [3]. This effect can boost the open-circuit 
voltage, thereby increasing solar cell efficiency. The only disadvantage of this concept, is 
the absorption depth of light in silicon is significantly longer than the minority carrier 
diffusion length for photon energies close to the band gap (e.i: 1107 nm) resulting low 
absorption in this wavelength range. This yield to the low conversion efficiency of silicon 
thin film solar cells compared to the wafer based silicon solar cells.  
To achieve better light absorption performance, several approaches such as diffraction 
gratings, photonic crystals, and metal nanoparticles [4-6] on the front or back surface of 
the solar cell have been introduced. Texturing the cell active layer with nanostructures 
has also been theoretically demonstrated to improve the possibility of enhancing the 
absorption [7-10] . Periodic high-aspect-ratio nanorod arrays with skewed pyramids 
exceed the Yablonovitch limit over a broad wavelength range [8], and periodic nanohole 
(NH) arrays exhibits better absorption than periodic nanorod arrays [11]. Motivated by 
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these theoretical studies, the practical implementation of nanostructures in thin-film solar 
cells and its experimental verification has become an intriguing subject. Current silicon 
technology allows the low-cost fabrication of NH arrays over a large area with precise 
dimensions [12-14]. Experimental studies of periodic NH arrays on thick monocrystalline 
silicon solar cells have been reported [15-18] . Periodic NH arrays on thick silicon wafers 
reduce the reflection of broadband sunlight wavelengths [18] and increase the solar cell 
efficiency by 19 % relative to nonpatterned (NP) silicon [16]. These experimental studies 
suggest the great potential of periodic NH arrays to enhance the light absorption of 
thinner thin-film silicon solar cells. Studies focusing on absorption enhancement in thin 
silicon solar cells (e.g. <3 m thickness) with periodic NH arrays have been reported [9, 
19-23], but, to the date, few have reported experimental results [19, 21]. In addition, 
periodic NH geometry optimization has tended to be carried out using a rather simplified 
model and method. 
In this chapter, further investigation of the light absorption enhancement of periodic 
NH arrays on a 1 μm ultrathin silicon film with a silver back reflector was carried out to 
experimentally verify the optical performance with the aim of using these films in solar 
cell applications. A square lattice NH arrays on the silicon surface with silver (Ag) back 
reflector solar cell design was proposed by using 3D full-field finite difference time 
domain (FDTD) calculation using parallel supercomputing. This structure taking an 
advantage by 1) introducing diffraction due to the NH arrays structure, trapping the 
incident light and enhanced the optical absorption in the active layer, 2) Ag back 
 




reflector located at the rear solar cell allowing the light to bounce back into the active 
layer, and 3) varying geometrical parameter of NH arrays to achieve optimal absorption 
and thus maximum efficiency. Optical measurements of the optimized array geometry are 
then performed, and the effects of different transparent conductive oxide (TCO) layer 
configurations have been examined. 
 
5.2 Simulation model and methodology 
Fig. 5.1 shows the schematic diagram of the periodic silicon NH structure solar cell under 
study. The design parameters to be optimized are the lattice constant P and filling factor 
ff, defined as the volume ratio of air to one unit cell. The NH diameter is denoted by D. 
The NH depth h, thickness of the Ag back reflector, and silicon layer thickness were 
fixed at 500 nm, 200 nm, and 1 µm, respectively. The Ag layer with thickness of 200 nm 
acts as a back reflector. Ag is preferable as a back reflector due to its low loss 
characteristic in the visible and near infrared region [24].  The spectral response of the 
proposed model was investigated by performing three-dimensional full field Finite 
Difference Time Domain (FDTD) method. Optical properties of Ag were taken from 
reference [25] while, optical constants of silicon and indium tin oxide were taken from 
reference [26] with n and p layers neglected, so that the entire region is assumed to be 
intrinsic and optically active. Air is the surrounding medium of the simulated structure, 
with a permittivity (εair) of 1. 
Periodic boundary conditions were enforced in the x and z directions, while a perfectly 
matched layer (PML) boundary condition was applied in the y direction in order to 
absorb all waves moving towards the external simulation regime without producing 
reflection. A mesh size was relatively small to ensure the convergence and normal 
incident plane wave excitation was used.  
The total absorption in the silicon layer can be expressed by using equation 3.1.1.3 
(Chapter 3). According to theory describing the light to current conversion, the 
enhancement in the total light absorption can be quantified by the improvement in the 
short circuit current density. By assuming that each photon absorbed in the silicon layer 
generates an electron–hole pair, the short circuit current density can be calculated by 
using equation 2.3.2 (Chapter 2). 
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5.3 Results and discussion 
5.3.1 Optimization of the NH array geometry and comparison with perfect geometrical 
light trapping 
The optimization was performed to maximize short circuit current density, Jsc in the 
silicon, which is the active layer of a solar cell. The optimization was systemically done 
by first, optimizing the lattice constant, P and filling factor, ff of the NH arrays with the 
constant depth of 500 nm. The filling factor is defined as volume ratio of air to one unit 
cell. The short circuit current density of the NH arrays for different lattice constant and 
filling factor is shown in Fig. 5.2. It can be observed that as filling factor increased, the 
 
Fig. 5.2 Short circuit current density of NH structure for different lattice constant and 
filling factor for square lattice NH arrays 
short circuit current density, also improved. The improvement of short circuit current 
density saturates when filling factor reaches 0.251. Accordingly, the filling factor of 
0.251 and lattice constant of 0.6 is considered as the optimum value for filling factor and 
lattice constant of the square lattice NH arrays. The effect of NH depth for optimized 
lattice constant and filling factor combination of square lattice NH arrays has also been 
investigated. Fig. 5.3 gives the short circuit current density of NH arrays as a function of 






Fig. 5.3 Short circuit current density of optimized lattice constant and filling factor with 
varied hole depth for square lattice NH arrays 
 
Fig. 5.4 Short circuit current density of optimized square lattice NH arrays as a function 
of tilted incident angle 
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depth is 500 nm and thus it is consider as optimum value. One can notice that short 
circuit current density of square lattice NH arrays maintained at around 130 m/A
2
 at 
depth range of 600 nm to 800 nm and decrease eventually when NH depth reaches 900 
nm. However it should be noted that in general, surface recombination, which is not 
considered in the present short circuit current density calculation model, increases as the 
surface area increases, and hence could degrades the conversion efficiency [27]. 
Nevertheless, we provide a guideline from the optical studies that the optimized 
parameter for both patterns could give highest absorption for 1 m silicon solar cell.  
In order to investigate the effect of incident angle for both NH structure, a set of 
simulation has been carried out. The simulations for incident angle were carried out using 
RCWA techniques. Fig. 5.4 shows results for short circuit current density versus incident 
angle for optimized parameter of square lattice NH and nonpatterned. It could be 
observed for periodic NH arrays that short circuit current density increased for incident 
angle from 30 degree and sharply drops as incident light increased. For nonpatterned case, 
short circuit current density shows a lower value however short circuit current density 
slightly increased as incident angle increased from 10 to 45 degree and drops gradually as 
incident angle decreased. At incident angle of 75 degree, the short circuit current density 
for periodic NH arrays shows a slightly lower values compared to nonpatterned case. 
Fig. 5.5 shows the spectral absorption in silicon for the optimized NH geometry and  
comparison with Yablonovitch limit (the theoretical limit of perfect geometrical light 
trapping [29]). Square lattice NH arrays exhibits a higher absorption spectrum than the 
nonpatterned silicon over the simulated spectrum range. The absorption enhancement 
seen in the short wavelength region is expected from the antireflective effect in which 
incident light sees the surface having a continuous refractive index gradient between air 
and the silicon [11] . However, in this short wavelength region, the NH array is unable to 
reach the Yablonovitch limit. In the longer wavelength region, the NH array absorption 
spectra shows absorption peaks with a complex, irregular shape. The absorption 
enhancement in this wavelength range could be expected from diffraction trapping of 
incident light [11] and subsequently contributes to the resonant modes [30] attributed to 
the NH arrays. Several additional peaks caused by resonant modes can be observed in 




Fig. 5.5 Absorption spectra for the optimized NH array with a Ag back reflector 
compared to a nonpatterned silicon with Ag back reflector, and the Yablonovitch limit. 
The incident angle is normal to the surface. 
exceed the Yablonovitch limit in the region where silicon is typically a poor absorber. 
These results support the recent literature emphasizing that NH structure have a 
potentially good light trapping performance for thin-film silicon and consequently may 
contribute to efficiency enhancement in thin-film solar cells. Hereafter, “total absorption” 
refers to the integrated absorption weighted by a normalized AM1.5G standard spectrum. 
An increase of 100 % for square lattice NH arrays relative to the nonpatterned silicon was 
achieved. 
5.3.2 Optical measurements of fabricated thin-film silicon NH arrays 
Square lattice NH arrays were fabricated with the optimized design parameters. A 1µm 
thick silicon layer was fabricated on a silica glass substrate using magnetron sputtering, 
and the square lattice NH arrays were formed using an electron beam lithography 
technique and plasma etching. Both square-lattice and hexagonal NH arrays were 
fabricated with the same parameter, since hexagonal NH arrays on a “thick” (1 mm) 
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silicon wafer were shown in our previous study to have good absorption enhancement 
properties. A nonpatterned silicon sample with the same dimensions was also fabricated 
as a reference. Fig. 5.6 shows scanning electron microscope (SEM) images of the 
fabricated samples. The average NH depth measured using 3D laser scanning microscope 
(KEYENCE VK-X200) is approximately 470 nm and shown in Fig. 5.7 
 
 
Fig. 5.6 SEM images of the fabricated (a) square-lattice and (b) hexagonal 




Fig. 5.7 The average NH depth measured using 3D laser scanning 
microscope 
The reflectance measurements were performed using a ultraviolet-visible/near-infrared 
(UV-VIS/NIR) microscopic spectrophotometer (JASCO MSV-5200), which has a 
Cassegrain reflector that directs monochromatic light to the sample surface on average of 
23° incident angle of the normal and detects light reflected from the sample surface 
within the average of 23° angle. The measurements were taken for wavelengths of 300 to 
1100 nm in 0.5 nm steps, and the absorption of the whole stack was derived from Abs ( ) 
= 1  Ref ( )  Trans ( ), where Ref ( ) and Trans ( ) are the reflection and transmission, 
respectively. 
Fig. 5.8 shows the measured and simulated absorption spectra of the NH arrays and 
the nonpatterned silicon. The measured absorption of the NH arrays (Fig. 5.8 (a)) shows 
remarkably higher values compared to the nonpatterned case as predicted by the 
simulations. However, the simulation showed more absorption peaks and a slightly lower 
absorption over the wavelength range than that seen in the measurement data. This could 
be caused mainly by the difference in the incident and detected angles in the 
measurement and simulation. In the measurement, the reflectance was observed as 
integrated reflectance average of 23° incident and detected angles and thus rapid 





Fig. 5.8 Comparison of the (a) measured and (b) simulated absorption 
spectra of a whole stack. 
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obtained as hemispherical-integrated reflectance based on only the normal incidence. In 
addition, defects such as roughness, etched slopes, and a nonconstant ff could not be 
avoided in fabrication; these could also be responsible for a compensation of the rapid 
fluctuations. The measured relative improvements of the total absorption for the square 
lattice and hexagonal NH arrays to the nonpatterned silicon are 65 and 70 %, which is a 
7 % improvement of that recently reported for the same silicon thickness [19]. 
5.3.3 Effect of ITO layer on NH arrays 
 
Fig. 5.9 Three possible top ITO layer configurations were modeled (a) 
empty NH, (b) coated NH, and (c) filled NH 
Introducing a transparent conductive oxide (TCO) layer into the solar cell will provide 
an antireflection effect contributed by the refractive index gradient at the TCO and silicon 
interface and will reduce reflection losses [31]. However, a portion of the trapped light 
can be absorbed by the TCO layer. This parasitic absorption will be counterproductive to 
improving the light absorption in the silicon layer and the conversion efficiency. 
Therefore, it is important to investigate the effect of a TCO layer on the absorption 
spectrum.  
In this study, ITO was selected as TCO layer. Thin layer ITO was introduced on the 
top of silicon surface and the bottom, i.e. between silicon and Ag back reflector of 
optimized square lattice NH structure. On the top, ITO act not only as TCO but also as  
antireflection (AR) coating, while at the bottom of silicon, ITO act as optical spacer to 
improve its optical properties and diffusion barrier [32]. ITO was selected because of its 
high transmission properties, i.e. >90% at visible wavelength range and low electrical 




Fig. 5.10 Absorption spectra in silicon of NH structure for empty NH, coated NH and 
filled NH. Optimized NH also shown for comparison. 
inertness, which make it suitable for thin film solar cell fabrication process which usually 
involved deposition steps and post deposition treatments [34]. It also has a lower 
degradation rate compared to the other TCO materials.  
Three possible top ITO layer configurations were modeled: an empty NH, a coated  
NH, and a filled NH as shown in Fig. 5.9. The ITO layer was 85 nm thick, except in the 
case of the filled NH. The thickness was calculated from equation 4.3.1 (Chapter 4) for 
the minimum reflectance of single-layer ITO. The absorption of silicon for each pattern 
were calculated and shows in Fig. 5.10. It can be seen that from Fig. 5.10 empty NH and 
coated NH enhanced absorption in silicon at short wavelength range. This indicates that 
ITO layer role as an anti-reflection in this wavelength area. At wavelength 450 nm to 760 
nm, empty NH pattern keep almost the same high absorption in silicon layer as optimized 
NH structure, however at long wavelength range it start to decreased lower than 
optimized NH structure. While, for coated NH pattern, the absorption maintained high 
value as optimized parameter from 450 nm and decreased faster (560 nm~) than empty 
NH pattern. On the other hand, low absorption in silicon layer was observed for filled NH 




Fig. 5.11 (left) Three possible ITO layer configurations, (middle) calculated absorption in 
each layer of the stack, and (right) the total absorption and reflection percentages in each 
layer of the stack; (a) empty NH, (b) coated NH, (c) filled NH, and (d) NH without ITO. 









absorption in silicon. 
Fig. 5.11 (middle) shows the fraction of power absorbed in each layer of the whole 
stack. As expected, the empty NH shows the highest absorption in the silicon layer and 
the filled NH shows the lowest. In the short wavelength range (<450 nm), a substantial  
part of the incident light is absorbed by the top ITO layer for all configurations because at 
this wavelength range, the ITO extinction coefficient is relatively high. With the filled 
NH, the absorption in the silicon is considerably decreased due to the excess volume of 
ITO. In the longer wavelength range (>450 nm), the best case with the empty NH shows 
that the absorption in the top ITO layer remained low, but the absorption in the bottom 
ITO layer is slightly higher than that in the top ITO layer. A small amount of absorption 
loss occurs in the Ag back reflector. However, for the worse case with the filled NH, 
severe parasitic absorption also occurs in the top ITO layer. 
Fig. 5.11 (right) shows the resulting total absorption and reflection percentages for 
each ITO configuration. Only the empty NH retains an approximately similar total 
absorption in silicon (57.9 % as compared to 57.7 %). The coated and filled NH arrays 
decrease the absorption to 49.8 and 45.9 %, respectively. Parasitic absorption in the top 
ITO layer is correlated to the ITO volume and accounted for 2.6, 9.3, and 15.9 % in the 
empty, coated, and filled NH arrays, respectively. Absorption in the Ag layer and bottom 
ITO are very similar in all cases. Consequently, in terms of optical characterization, an 
empty NH array appears to be the best configuration. These results imply that 
investigating only the reflectance of the whole stack is not enough for evaluating the 
absorption in the silicon layer. Furthermore, it should be noted that the above discussion 
is limited to the optical behavior of ITO. The electrical behavior of ITO also can play an 
important role in electron transport. Of these three configurations, the coated NH array 
may have the added advantage of fast electron transport. 
 
5.4 Conclusion 
Improvement of the light absorption in periodic NH arrays on 1 m ultrathin silicon with 
a Ag back reflector has been characterized through optical simulations and measurements. 
The simulation results show a relative improvement of 100 % in the total absorption for 
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square lattice NH arrays in the silicon layer compared to nonpatterned silicon. A stack 
fabricated with an optimized geometry for square lattice NH arrays shows a relative 
improvement of the total absorption in the whole stack of 65–70 % compared to a 
nonpatterned stack. Owing to the parallel-supercomputing optimization, these 
improvements currently represent the best experimentally measured results for 1m 
ultrathin silicon NH arrays with a back reflector. Through investigations of different ITO 
configurations, an empty NH pattern was revealed to produce the lowest parasitic 
absorption of 2.6 % in the top ITO layer. The present results support the optical 
advantages of NH arrays as an excellent thin-film silicon absorber, which implies a good 
potential for thin-film solar cell applications. 
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Chapter 6  
 
 The potential of metal nanoparticle to improve the light 
trapping efficiency in periodic nanohole arrays  
 
6.1 Introduction  
It has been shown in the previous chapters that periodic NH arrays in silicon wafer or thin 
film silicon could enhance absorption in silicon active layer. In this chapter, in order to  
boost the absorption in silicon active layer, an attempt of exploiting metal nanoparticle 
(NPar) incorporation with periodic NH arrays has been carried out.   
Stuart and Hall [1, 2] was the pioneer that invented metal nanoparticle for enhanced 
incoupling of light in semiconductor. Later, applying metal nanoparticle for light trapping 
in solar cell has been tried and reported by several researchers [3-5]. Metal nanoparticle 
can be used as scattering elements to scatter the incident light into the distribution of 
angles and subsequently increasing the path length of the light within the active layer of 
solar cell [7] as illustrated in Fig. 6.1.1 (a). This could enhance the short circuit current 
density of the solar cells. Moreover, metal nanoparticle (NP) excites localized surface 
plasmon resonance (LSPR). LSPR could increase absorption in active layer of a 
 
Fig. 6.1 Metal nanoparticle light trapping geometries for solar cells (a) on the front 
surface of the solar cell (b) embedded in the semiconductor [6] 
81 
 
surrounding metal nanoparticle by strong local field enhancement due to the electrons on 
the metal surface that undergo a collective oscillation as they excited by light at specific 
wavelengths [6] as illustrated in Fig. 6.1.1 (b).  
Recently, reports using this concept has demonstrate an enhanced of photocurrent [5, 
8-12]. However, applying both, nanostructured active layer together with metal 
nanoparticle has a potential to confine and guide the incident light to silicon active layer. 
Theoretical reports by Lin et al.  shows that hemispherical metallic cap that has been used 
in fabrication of silicon nanowire (SiNW) on the vertically aligned silicon nanopillar 
(SiNP) arrays decreased the integrated absorption across the solar spectrum [13] however, 
Pudasaini P.R et al. shows that metal nanoparticle with NH arrays shows a higher optical 
absorption compared to NH arrays alone [14]. 
Therefore in this chapter, to boost the absorption enhancement of silicon active layer, 
periodic NH in silicon wafer were deposited with gold (Au) nanoparticle. The optical 
characteristic of Au nanoparticle deposited on periodic NH array of silicon wafer to 
reduced reflectance was carried out by optical measurements and numerical calculations. 
The potential of metal nanoparticle on periodic NH array for thin film silicon with silver 
back reflector has also been investigated in the last part of this chapter.   
 
6.2 Methods 
6.2.1 Deposition and optical measurement method of the samples  
The sample was fabricated by a photolithography technique. The polished and cleaned 
surface of a silicon wafer was coated with photoresist. The photoresist was exposed to 
ultraviolet (UV) light through a photomask with a predefined pattern. The photoresist 
cured in UV light and formed an image on the surface of the coated silicon wafer. 
Unprotected area by the photoresist was etched away by a dry etching technique. This 
technique was done with an ICP-RIE machine, to produce an ordered hexagonal NH 
array with an average diameter of 500 nm, 600 nm depth and lattice constant of 1 m. 
Finally, the remaining photoresist was removed. 
The solution contained Au nanoparticles were purchased from the commercially 
available company, with an average diameter of 20 nm. The solution contained Au 
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nanoparticles were then deposited to the fabricated periodic NH arrays by spin coating 
technique with spinning velocity of 3000 rpm for 10 seconds. Solution with Au 
nanoparticles with different concentration (wt%) i.e. 10 wt%, 5 wt%, 2.5 wt%, 1 wt% and 
0.5 wt% were deposited on periodic NH array silicon wafer to investigate the effect of 
wt% to the optical properties of the samples. After deposition, the deposited surface of 
several samples with different wt% was cleaned with ethanol to remove Au nanoparticles 
so that Au nanoparticles left in nanohole only. All samples were then dried at the room 
temperature for one day.  Bare (nonpatterned) silicon wafer also has been deposited by 
Au nanoparticle with the same method for comparison. The images of the samples were 
taken using a field emission scanning electron microscope (FE-SEM) JOEL – JEM 
2100F, was employed to observe the pattern of the structured surface. 
6.2.2 Simulation model and methodology 
In order to investigate the low reflectance due to the deposition of Au nanoparticle on 
periodic NH arrays, a set of simulations has been carried out by using FDTD method. 
The schematic diagram of periodic NH arrays with Au nanoparticle is illustrated in 
Fig.6.2. The parameter of the structure followed periodic NH arrays deposited with Au 
nanoparticle i.e. periodic NH arrays diameter, lattice constant and depth of 500 nm, 1 m, 
and 600 nm respectively while Au nanoparticle diameter is 20 nm.  
 
 





Fig. 6.3 Top view of Au nanoparticle with various density deposited on periodic NH 
array and nonpatterned for simulation 
The optical properties of Au were taken from reference [15] while, optical 
constants of silicon from reference [16] and air is the surrounding medium of the 
simulated structure, with a permittivity (εair) of 1. Periodic boundary conditions were 
enforced in the x and z directions, while a perfectly matched layer (PML) boundary 
condition was applied in the y direction in order to absorb all waves moving towards the 
external simulation regime without producing reflection. The absorption in Au was 
calculated via equation 3.1.1.3. 
 
6.3 Results and discussion 
6.3.1 Optical characteristic of Au nanoparticle deposited on periodic NH arrays silicon 
wafer 
A field emission scanning electron microscope (FE-SEM) was employed to observe the 
images of Au nanoparticle deposited on periodic NH array, nanohole only and 
nonpatterned samples for various concentrations which were depicted in Fig. 6.4 – 6.6. 
Various concentration of Au nanoparticle affected the density of nanoparticle as 
deposited on the samples as could be seen in SEM images. The average NH depth was 
approximately 600 nm, measured using confocal laser scanning microscope, 
OPTHELICS H1200 before deposition process of Au nanoparticle.  
Fig. 6.7 – 6.9 shows hemispherical and specular reflectance spectra of periodic 
NH array with Au nanoparticle, Au nanoparticle in hole of periodic nanohole NH array  




    
Fig. 6.4 SEM images for Au nanoparticle deposited on periodic NH array for different 
concentration of Au nanoparticle solution 
 
Fig. 6.5 SEM images for Au nanoparticle deposited in hole of periodic NH array for 




Fig. 6.6 SEM images for Au nanoparticle deposited on nonpatterned silicon for different 
concentration of Au nanoparticle solution 
and nonpatterned silicon with Au nanoparticle of different weight percent. As could be 
seen in Fig. 6.7 and 6.9, Au nanoparticle deposited on nonpatterned and periodic NH 
array helps to reduced reflectance spectra almost for the entire wavelength range 
especially for high concentration of Au nanoparticle solution. In Fig. 6.7, Au nanoparticle 
deposited on periodic NH array reduced hemispherical reflectance for 5% wt and 10 wt% 
and gradually increased as concentration of Au nanoparticle decreased. As Au 
nanoparticle decreased to the lowest concentration, hemispherical reflectance spectra 
shows slightly higher reflectance compared to periodic NH array. However, for specular 
reflectance at 10 degree, all reflectance shows lower reflectance spectra (except at area of 
wavelength 550 nm) as compared to periodic NH array. The peak at around 550 nm for 
10.0 wt%, 5.0 wt% and 2.5 % can be clearly seen in the figure, which decreased as 
density of Au nanoparticle distribution sparsely. Fig. 6.8 shows results where Au 
nanoparticle exists only in the hole of periodic NH array. Although specular reflectance 
of all samples reduced lower compared to periodic NH array without Au nanoparticle for 




Fig. 6.7 Hemispherical and specular reflectance spectra of Au nanoparticle deposited on 





Fig. 6.8 Hemispherical and specular reflectance spectra of Au nanoparticle deposited in 









Fig. 6.10 Relative improvement of Au nanoparticle deposited on periodic NH array and 
nonpatterned for measured hemispherical reflectance compared to periodic NH array 
almost no changes in reflectance could be observed. The figure also shows that it is 
independence from concentration of the Au nanoparticle solution and no peak could be 
observed.  
In the case of Au nanoparticle deposited in nonpatterned silicon as shown in Fig. 
6.9, the hemispherical reflectance of high concentration (10 wt%) shows the lowest. It 
could be noticed that as concentration of Au nanoparticle decreased, both hemispherical 
and specular reflectance spectra increased and gradually follows the reflectance spectrum 
of silicon without Au nanoparticle. It could be noticed that at all concentration, the peak 
at wavelength 550 nm appear however, slowly decreased as concentration of Au 
nanoparticle decreased. 
To investigate the relative improvement of Au nanoparticle deposited on periodic 
NH array to reduced reflectance, hemispherical reflectance spectra weighted to AM 1.5G 
solar spectrum of all concentration for Au nanoparticle deposited on periodic NH array 
and nonpatterned has been calculated using equation, 
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                                                (6.3.1) 
where, 
R( ) is reflectance and S( ) is AM 1.5G solar spectrum. The relative improvement 
compared to periodic NH array has shown in Fig. 6.10. From this figure it could be 
observed that Au nanoparticle deposited on periodic NH array and nonpatterned shows 
highest relative improvement for 28.6% and 52% compared to periodic NH array for 10 
wt% respectively. Although, Au nanoparticle deposited on periodic NH array could not 
give highest improvement as predicted, however, lower reflectance which is almost 2.75 
higher than periodic NH array could be achieved. 
The efficiency of the solar cell is highly dependent on the incident angle of 
sunlight because the sunlight will rise and set as earth rotate throughout the day. 
Therefore, it is necessary to investigate the effect of tilted incident light for the proposed 
structure. Therefore, by calculating the measured specular reflectance and integrated 
reflectance (weighted by A.M 1.5G standard spectrum) could be achieved. Fig. 6.11 and 
6.12 represent the integrated reflectance versus tilted incident angle for periodic NH array 
with Au nanoparticle and nonpatterned silicon with Au nanoparticle. As can be seen in 
figures, all integrated reflectance increased as the incident angle increased which is 
similar to nonpatterned or periodic NH array. However, for Au nanoparticle deposited on 
periodic NH array, the integrated reflectance increase abruptly as incident angle increased 
especially for highly dense Au nanoparticle as could be seen in Fig. 6.11. For Au 
nanoparticle deposited on nonpatterned silicon (Fig. 6.12), the high concentration of Au 
nanoparticle on nonpatterned silicon results in high integrated reflectance as incident 
angle increased. However, as the concentration of Au nanoparticle reduced, the integrated 
reflectance for tilted incident angle shows a similarity with nonpatterned case with a 
slightly lower reflectance. 
The measurement results from above figures clearly show that Au nanoparticle 
could further reduced reflectance if deposited on periodic NH array or nonpatterned. The 
sharp peak shows at wavelength around 550 nm as could be observed in Fig. 6.7 and Fig. 
6.9 may attributed to the localized surface plasmon resonance where the absorption and 




Fig. 6.11 Incident angle dependency of Au nanoparticle deposited on periodic NH array 
 




relatively low reflectance at short wavelength range. This wavelength range fall into the 
region where metals tend to absorb strongly [19], therefore, at short wavelength range 
low reflectance may be due not only by scattering but also the additional absorption in 
Au nanoparticle. Although at long wavelength range, the reduction in reflectance could 
be observed, however, it is relatively small which may contributed mostly by scattering 
of Au nanoparticle [20]. For Au nanoparticle deposited in hole of periodic NH array 
which is depicted in Fig. 6.8, no localized surface plasmon resonance peak could be 
observed. The existence of Au nanoparticle in nanohole may not give significant effect to 
reduced reflectance and localized surface plasmon resonance occurs in hole of periodic 
NH array is too weak to be measure.   
Although low reflectance was observed in the measurement results, it should be 
confirmed that the low reflectance lead to the high absorption in silicon active layer and 
not due to the parasitic absorption in Au nanoparticle. Since it is difficult to measure the 
absorption of Au nanoparticle deposited in the samples, a series of simulation has been 
conducted to investigate the absorption of Au nanoparticle by using FDTD method. 
Simulation calculation might not exactly gives the real results, however it provides a 
good description and tendency of the measurement results and could provide adequate 
assumption on the behavior of light interaction due to the Au nanoparticle deposited on 
periodic NH array. The simulation was done by modeling the structure as sketched in Fig. 
6.2 with different density of Au nanoparticle as depicted in Fig. 6.3 as well as Au 
nanoparticle deposited on nonpatterned.  
Fig. 6.13 shows the simulated absorption spectra of Au when deposited on 
periodic NH array and also nonpatterned, while Fig. 9.14 shows absorption intensity in 
the structure for peak shown in Fig. 6.13. The absorption spectrum of Au nanoparticle 
shows a clear peak at 500 nm which closed to the localized surface plasmon resonance 
peak that could be observed in Fig. 6.7 and Fig. 6.9 and also could be observed in the 
absorption intensity distribution at Fig. 6.14. A slightly different peak between simulation 
and measurement is expected due to the non-uniformity diameter of Au nanoparticle 
(average 20 nm) and random configuration of Au nanoparticle in the sample.  While 
another peak at 920 nm is expected due to the localized surface plasmonic resonance at 
interface of silicon since the resonance could be control by the local refractive index near 
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the particle surface [21]. Strong peaks corresponding to the absorption in Au nanoparticle 
shows that both peak lead to the high absorption in silicon due to the plasmonic near field 
effect as seen in Fig. 9.14. The high absorption shows in Au nanoparticle at short 
wavelength range results from high absorption characteristic of Au at this region which 
support the measurement results where low reflectance could be observed in short 
wavelength range as shown in Fig. 6.7 and Fig 6.9. The absorption in Au nanoparticle 
also increased as Au nanoparticle density increased, and however, it was less than 2.5 % 
even for the high density of Au nanoparticle as shown in simulation. Therefore, from the 
optical point of view, Au nanoparticle deposited on periodic or nonpatterned silicon have 
a high potential for lower reflection and high absorption compared to periodic NH array 
or nonpatterned only due to the scattering and plasmonic effect of Au nanoparticle . 
 
Fig. 6.13 Simulated absorption spectra in Au nanoparticle deposited on periodic NH array 




Fig. 6.14 Absorption intensity distribution for Au nanoparticle deposited on periodic NH 




6.3.2 Optical characteristic of Au nanoparticle deposited on periodic NH arrays in thin 
film silicon  
 
Fig. 6.15 Comparison of specular reflectance before and after deposited with Au 
nanoparticle for optimized NH array on thin film silicon and nonpatterned for10 wt% 
Since Au nanoparticle solution with 10 wt% shows highest improvement for thick 
silicon, an attempt has been made by depositing the same solution to optimized NH array 
and nonpatterned on thin film silicon with Ag back reflector to investigate the effect on 
reflectance. The measurement has been done by using UV-VIS/NIR microscopic 
spectrophotometer which directs light to the sample surface on average of 23° incident 
angle of the normal and detects light reflected from the sample surface within the average 
of 23° angle. The measurements were taken for wavelengths of 300 to 1100 nm in 0.5 nm 
steps and the results were shown in Fig. 6.15. 
The results shows that significant improvement could be observed for 
nonpatterned case while for Au nanoparticle deposited on NH array, shows a reduction in 
reflection at short wavelength range and almost no reduction at long wavelength range. 
At range 500 nm to 600 nm, a peak could be observed for all cases, where Au 
nanoparticle exhibit LSPR. Relative improvement of integrated reflectance calculated by 
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using equation 6.3.1 shows by each cases are 31.3%, and 4.2 % for Au nanoparticle 
deposited on nonpatterned and hexagonal NH array, however for square lattice NH array 
integrated reflectance reduced for 1.4% as shown in table 2.  
It could be predicted that in thin film NH array might give a space for incident 
light that has been absorbed by active layer to reflected out from active layer after 
bounced by Ag back reflector, while in nonpatterned case, an absorbed light, have less 
space for absorbed light to be reflected from the structure. In total, reflection in Au 
nanoparticle deposited on thin film NH array, shows almost no improvement. It is 
different compared to thick silicon with NH array, where an absorbed light could 
penetrate deep inside the silicon, and therefore an enhancement still could be observed 
even for NH array. Therefore further investigation by choosing the best parameter 
(diameter), size and deposited position of Au nanoparticle have to be done to achieve an 
enhancement for Au nanoparticle deposited on thin film silicon with NH array. 
Table 6.1: Relative improvement of integrated reflectance for Au nanoparticle 
deposited on thick and thin film silicon. 
 
6.4 Conclusion 
An attempt by depositing Au nanoparticle on periodic NH array to further improve the 
absorption of silicon has been carried out. The measurement results show a remarkable 
suppression on reflectance for Au nanoparticle deposited on periodic NH array and 
nonpatterned for high concentration of Au solution i.e: 10 wt%. Au nanoparticle 
deposited on periodic NH array and nonpatterned shows highest relative improvement for 
28.6% and 52% compared to periodic NH array for 10 wt% respectively. From 
simulation results, it could be observed that Au nanoparticle absorb a small amount of 
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incident light (<2.5%). Therefore low reflectance shows by measurement might be due to 
the high absorption in silicon. While, for Au nanoparticle deposited on thin film with Ag 
back reflector, 31.3% relative improvement could be observed for nonpatterned, and 
almost no change could be observed for NH array. The present results shows that proper 
design have to be done to achieve an enhancement for Au nanoparticle deposited on thin 
film silicon with NH array.  
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Chapter 7  
 





The main conclusions on optical analysis of periodic nanohole array structure for light 
trapping in thin-film solar cell obtained under current study are summarized and 
suggestions for future work on this topic are presented. 
 
7.1 Conclusions 
The potential of periodic NH array to reduced reflectance and enhanced absorption in 
thin-film silicon for solar cell application was systematically investigated by simulation 
and measurements. The study begins by investigating the potential of hexagonal array 
silicon NH on silicon wafer. Since hexagonal array silicon NH structure successfully 
reduced reflection for the entire wavelength range, further study has been done by 
designing periodic NH array on 1m ultrathin silicon in combination with Ag as back 
reflector. Optimizations based on simulation and optical measurement for both square 
lattice and hexagonal array NH structure were carried out. The influence of ITO layer 
with different configurations also has been discussed. Lastly, an approach by introducing 
metal nanoparticle on periodic NH array to boost absorption enhancement was proposed. 
The main conclusions of this study are summarized as below. 
Hexagonal array silicon NH reduced reflectance for the entire wavelength range. 
Relative improvement for 10.4% could be observed compared to nonpatterned silicon. 
The results were confirmed and investigated in detail by 3D-FDTD simulation. It is 
predicted that the enhancement of absorption due to the large surface area, antireflective 
effect and difrraction of incoming incident light by NH array. In addition, reflection was 
greatly reduced when ITO layer was placed on the hexagonal array silicon NH structure. 
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The results clearly show that periodic NH structure has a high potential to enhance solar 
cell conversion efficiency. 
Since periodic NH array on silicon wafer greatly reduced reflectance throughout 
wavelength range, the same structure has been imply for 1m thin film silicon with a Ag 
as back reflector. The simulation results show a relative improvement of 100 % in the 
total absorption for optimized square lattice NH arrays in the silicon layer compared to 
nonpatterned silicon. Fabricated sample with an optimized geometry for square lattice 
NH arrays shows a relative improvement of the total absorption in the whole stack of 65–
70 % compared to a nonpatterned stack. These improvements currently represent the best 
experimentally measured results for 1m thin film silicon NH arrays with a back reflector. 
In addition, investigations of different ITO configurations, an empty NH pattern was 
revealed to produce the lowest parasitic absorption of 2.6 % in the top ITO layer. The 
results support the optical advantages of NH arrays as an excellent thin-film silicon 
absorber, which implies a good potential for thin-film solar cell applications. 
It is well known that metal nanoparticle has localized surface plasmon resonance 
behavior and high scattering. Therefore, an attempt by depositing Au nanoparticle on 
periodic NH array has been carried out. Optical measurement shows that Au nanoparticle 
decreased reflectance for Au nanoparticle deposited on periodic NH array and 
nonpatterned. The highest relative improvement of 28.6% and 52% compared to periodic 
NH array for 10 wt% could be observed for Au nanoparticle deposited on periodic NH 
and nonpatterned respectively. It also could be observed that integrated reflectance 
increased as incident angle increased for all sample measurements.  From simulation, it 
could be observed that Au nanoparticle’s parasitic absorption shows <2.5% which is 
small compared to low reflectance shown. Therefore low reflectance shows by 
measurement might lead to the high absorption in silicon. While, for Au nanoparticle 
deposited on thin film with Ag back reflector, 31.3% relative improvement could be 
observed for nonpatterned, and almost no change could be observed for NH array. The 
present results shows that proper design have to be done to achieve an enhancement for 





7.2 Suggestions for future work 
In this thesis, the optical analysis has been done to investigate the potential of periodic 
NH structure for solar cell application. The results show a positive improvement to 
enhanced light trapping and subsequently expected to raise the conversion efficiency. 
However, further investigation is required in order to understand the effect from the other 
aspect before it could be implement for thin-film solar cell. Several suggestions for future 
work are presented as follows: 
i) Effect of surface recombination due to the etching process of periodic NH 
array. 
ii) The influence of surface passivation to reduced surface recombination in 
periodic NH array thin-film silicon solar cell. 
iii) Texturing the rear surface of active layer in order to improved absorption at 
long wavelength range. 
iv) Investigate the effect of diameter of metal nanoparticle and configuration to 
achieved highest absorption in metal deposited periodic NH array. 
v) Investigating the photocurrent response for periodic NH array and metal 
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300.0 1.0205E-03 317.0 1.7158E-01 334.0 4.1497E-01 
300.5 1.2450E-03 317.5 1.8245E-01 334.5 4.4509E-01 
301.0 1.9300E-03 318.0 1.7594E-01 335.0 4.6388E-01 
301.5 2.6914E-03 318.5 1.8591E-01 335.5 4.5313E-01 
302.0 2.9209E-03 319.0 2.0470E-01 336.0 4.1519E-01 
302.5 4.2840E-03 319.5 1.9589E-01 336.5 3.8214E-01 
303.0 7.0945E-03 320.0 2.0527E-01 337.0 3.7380E-01 
303.5 8.9795E-03 320.5 2.4525E-01 337.5 4.0051E-01 
304.0 9.4701E-03 321.0 2.5024E-01 338.0 4.3411E-01 
304.5 1.1953E-02 321.5 2.3843E-01 338.5 4.5527E-01 
305.0 1.6463E-02 322.0 2.2203E-01 339.0 4.6355E-01 
305.5 1.8719E-02 322.5 2.1709E-01 339.5 4.7446E-01 
306.0 1.8577E-02 323.0 2.1226E-01 340.0 5.0180E-01 
306.5 2.1108E-02 323.5 2.4861E-01 340.5 5.0071E-01 
307.0 2.7849E-02 324.0 2.7537E-01 341.0 4.7139E-01 
307.5 3.5635E-02 324.5 2.8321E-01 341.5 4.6935E-01 
308.0 3.7837E-02 325.0 2.7894E-01 342.0 4.8934E-01 
308.5 4.1430E-02 325.5 3.2436E-01 342.5 5.0767E-01 
309.0 4.0534E-02 326.0 3.8120E-01 343.0 5.1489E-01 
309.5 4.3306E-02 326.5 4.0722E-01 343.5 4.8609E-01 
310.0 5.0939E-02 327.0 3.9806E-01 344.0 4.1843E-01 
310.5 6.5540E-02 327.5 3.8465E-01 344.5 4.0307E-01 
311.0 8.2922E-02 328.0 3.5116E-01 345.0 4.5898E-01 
311.5 8.4080E-02 328.5 3.7164E-01 345.5 4.8932E-01 
312.0 9.3376E-02 329.0 4.2235E-01 346.0 4.7778E-01 
312.5 9.8984E-02 329.5 4.6878E-01 346.5 4.8657E-01 
313.0 1.0733E-01 330.0 4.7139E-01 347.0 4.9404E-01 
313.5 1.0757E-01 330.5 4.2800E-01 347.5 4.7674E-01 
314.0 1.1969E-01 331.0 4.0262E-01 348.0 4.7511E-01 
314.5 1.3060E-01 331.5 4.1806E-01 348.5 4.8336E-01 
315.0 1.3625E-01 332.0 4.3623E-01 349.0 4.6564E-01 
315.5 1.1838E-01 332.5 4.3919E-01 349.5 4.7805E-01 
316.0 1.2348E-01 333.0 4.2944E-01 350.0 5.2798E-01 
316.5 1.5036E-01 333.5 4.0724E-01 350.5 5.6741E-01 
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351.0 5.5172E-01 373.5 5.5786E-01 396.0 7.5655E-01 
351.5 5.3022E-01 374.0 5.5640E-01 396.5 5.5017E-01 
352.0 5.1791E-01 374.5 5.5227E-01 397.0 4.2619E-01 
352.5 4.8962E-01 375.0 5.8930E-01 397.5 6.2945E-01 
353.0 5.2040E-01 375.5 6.5162E-01 398.0 8.5249E-01 
353.5 5.7228E-01 376.0 6.7480E-01 398.5 1.0069E+00 
354.0 6.0498E-01 376.5 6.6390E-01 399.0 1.0693E+00 
354.5 6.1156E-01 377.0 7.1225E-01 399.5 1.1021E+00 
355.0 6.1140E-01 377.5 7.9455E-01 400.0 1.1141E+00 
355.5 5.9028E-01 378.0 8.5595E-01 401.0 1.1603E+00 
356.0 5.5387E-01 378.5 8.3418E-01 402.0 1.2061E+00 
356.5 5.1942E-01 379.0 7.4389E-01 403.0 1.1613E+00 
357.0 4.5673E-01 379.5 6.6683E-01 404.0 1.1801E+00 
357.5 4.6215E-01 380.0 7.0077E-01 405.0 1.1511E+00 
358.0 4.3006E-01 380.5 7.5075E-01 406.0 1.1227E+00 
358.5 3.9926E-01 381.0 7.6383E-01 407.0 1.1026E+00 
359.0 4.6953E-01 381.5 6.8837E-01 408.0 1.1514E+00 
359.5 5.6549E-01 382.0 5.8678E-01 409.0 1.2299E+00 
360.0 5.9817E-01 382.5 5.0762E-01 410.0 1.0485E+00 
360.5 5.6531E-01 383.0 4.5499E-01 411.0 1.1738E+00 
361.0 5.2024E-01 383.5 4.4049E-01 412.0 1.2478E+00 
361.5 5.0956E-01 384.0 5.0968E-01 413.0 1.1971E+00 
362.0 5.3420E-01 384.5 6.1359E-01 414.0 1.1842E+00 
362.5 5.8510E-01 385.0 6.7355E-01 415.0 1.2258E+00 
363.0 6.0191E-01 385.5 6.4363E-01 416.0 1.2624E+00 
363.5 5.8541E-01 386.0 6.2100E-01 417.0 1.2312E+00 
364.0 6.0628E-01 386.5 6.4570E-01 418.0 1.1777E+00 
364.5 6.0058E-01 387.0 6.5147E-01 419.0 1.2258E+00 
365.0 6.2359E-01 387.5 6.4204E-01 420.0 1.1232E+00 
365.5 6.8628E-01 388.0 6.3582E-01 421.0 1.2757E+00 
366.0 7.3532E-01 388.5 6.3136E-01 422.0 1.2583E+00 
366.5 7.3658E-01 389.0 6.8543E-01 423.0 1.2184E+00 
367.0 7.2285E-01 389.5 7.5970E-01 424.0 1.2117E+00 
367.5 7.0914E-01 390.0 7.9699E-01 425.0 1.2488E+00 
368.0 6.6759E-01 390.5 8.0371E-01 426.0 1.2135E+00 
368.5 6.6310E-01 391.0 8.5138E-01 427.0 1.1724E+00 
369.0 6.9315E-01 391.5 8.6344E-01 428.0 1.1839E+00 
369.5 7.4469E-01 392.0 7.9493E-01 429.0 1.0963E+00 
370.0 7.5507E-01 392.5 6.6257E-01 430.0 8.7462E-01 
370.5 6.8261E-01 393.0 4.7975E-01 431.0 7.9394E-01 
371.0 6.9338E-01 393.5 3.8152E-01 432.0 1.3207E+00 
371.5 7.2051E-01 394.0 4.9567E-01 433.0 1.2288E+00 
372.0 6.7444E-01 394.5 6.8385E-01 434.0 1.1352E+00 
372.5 6.4253E-01 395.0 8.0772E-01 435.0 1.2452E+00 
373.0 6.1886E-01 395.5 8.6038E-01 436.0 1.3659E+00 
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437.0 1.3943E+00 482.0 1.6236E+00 527.0 1.3417E+00 
438.0 1.2238E+00 483.0 1.6038E+00 528.0 1.5357E+00 
439.0 1.1775E+00 484.0 1.5734E+00 529.0 1.6071E+00 
440.0 1.3499E+00 485.0 1.5683E+00 530.0 1.5446E+00 
441.0 1.3313E+00 486.0 1.2716E+00 531.0 1.6292E+00 
442.0 1.4250E+00 487.0 1.4241E+00 532.0 1.5998E+00 
443.0 1.4453E+00 488.0 1.5413E+00 533.0 1.4286E+00 
444.0 1.4084E+00 489.0 1.4519E+00 534.0 1.5302E+00 
445.0 1.4619E+00 490.0 1.6224E+00 535.0 1.5535E+00 
446.0 1.3108E+00 491.0 1.5595E+00 536.0 1.6199E+00 
447.0 1.4903E+00 492.0 1.4869E+00 537.0 1.4989E+00 
448.0 1.5081E+00 493.0 1.5903E+00 538.0 1.5738E+00 
449.0 1.5045E+00 494.0 1.5525E+00 539.0 1.5352E+00 
450.0 1.5595E+00 495.0 1.6485E+00 540.0 1.4825E+00 
451.0 1.6173E+00 496.0 1.5676E+00 541.0 1.4251E+00 
452.0 1.5482E+00 497.0 1.5944E+00 542.0 1.5511E+00 
453.0 1.4297E+00 498.0 1.5509E+00 543.0 1.5256E+00 
454.0 1.5335E+00 499.0 1.5507E+00 544.0 1.5792E+00 
455.0 1.5224E+00 500.0 1.5451E+00 545.0 1.5435E+00 
456.0 1.5724E+00 501.0 1.4978E+00 546.0 1.5291E+00 
457.0 1.5854E+00 502.0 1.4966E+00 547.0 1.5490E+00 
458.0 1.5514E+00 503.0 1.5653E+00 548.0 1.5049E+00 
459.0 1.5391E+00 504.0 1.4587E+00 549.0 1.5520E+00 
460.0 1.5291E+00 505.0 1.5635E+00 550.0 1.5399E+00 
461.0 1.5827E+00 506.0 1.6264E+00 551.0 1.5382E+00 
462.0 1.5975E+00 507.0 1.5560E+00 552.0 1.5697E+00 
463.0 1.6031E+00 508.0 1.5165E+00 553.0 1.5250E+00 
464.0 1.5544E+00 509.0 1.5893E+00 554.0 1.5549E+00 
465.0 1.5350E+00 510.0 1.5481E+00 555.0 1.5634E+00 
466.0 1.5673E+00 511.0 1.5769E+00 556.0 1.5366E+00 
467.0 1.4973E+00 512.0 1.6186E+00 557.0 1.4988E+00 
468.0 1.5619E+00 513.0 1.5206E+00 558.0 1.5310E+00 
469.0 1.5682E+00 514.0 1.4885E+00 559.0 1.4483E+00 
470.0 1.5077E+00 515.0 1.5314E+00 560.0 1.4740E+00 
471.0 1.5331E+00 516.0 1.5455E+00 561.0 1.5595E+00 
472.0 1.6126E+00 517.0 1.2594E+00 562.0 1.4847E+00 
473.0 1.5499E+00 518.0 1.4403E+00 563.0 1.5408E+00 
474.0 1.5671E+00 519.0 1.3957E+00 564.0 1.5106E+00 
475.0 1.6185E+00 520.0 1.5236E+00 565.0 1.5201E+00 
476.0 1.5631E+00 521.0 1.5346E+00 566.0 1.4374E+00 
477.0 1.5724E+00 522.0 1.5690E+00 567.0 1.5320E+00 
478.0 1.6230E+00 523.0 1.4789E+00 568.0 1.5180E+00 
479.0 1.5916E+00 524.0 1.5905E+00 569.0 1.4807E+00 
480.0 1.6181E+00 525.0 1.5781E+00 570.0 1.4816E+00 
481.0 1.6177E+00 526.0 1.5341E+00 571.0 1.4331E+00 
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572.0 1.5134E+00 617.0 1.4128E+00 662.0 1.3819E+00 
573.0 1.5198E+00 618.0 1.4664E+00 663.0 1.3844E+00 
574.0 1.5119E+00 619.0 1.4733E+00 664.0 1.3967E+00 
575.0 1.4777E+00 620.0 1.4739E+00 665.0 1.4214E+00 
576.0 1.4654E+00 621.0 1.4802E+00 666.0 1.4203E+00 
577.0 1.5023E+00 622.0 1.4269E+00 667.0 1.4102E+00 
578.0 1.4560E+00 623.0 1.4165E+00 668.0 1.4150E+00 
579.0 1.4770E+00 624.0 1.4118E+00 669.0 1.4394E+00 
580.0 1.5020E+00 625.0 1.4026E+00 670.0 1.4196E+00 
581.0 1.5089E+00 626.0 1.4012E+00 671.0 1.4169E+00 
582.0 1.5320E+00 627.0 1.4417E+00 672.0 1.3972E+00 
583.0 1.5479E+00 628.0 1.3631E+00 673.0 1.4094E+00 
584.0 1.5448E+00 629.0 1.4114E+00 674.0 1.4074E+00 
585.0 1.5324E+00 630.0 1.3924E+00 675.0 1.3958E+00 
586.0 1.4953E+00 631.0 1.4161E+00 676.0 1.4120E+00 
587.0 1.5281E+00 632.0 1.3638E+00 677.0 1.3991E+00 
588.0 1.4934E+00 633.0 1.4508E+00 678.0 1.4066E+00 
589.0 1.2894E+00 634.0 1.4284E+00 679.0 1.3947E+00 
590.0 1.3709E+00 635.0 1.4458E+00 680.0 1.3969E+00 
591.0 1.4662E+00 636.0 1.4128E+00 681.0 1.3915E+00 
592.0 1.4354E+00 637.0 1.4610E+00 682.0 1.3981E+00 
593.0 1.4561E+00 638.0 1.4707E+00 683.0 1.3830E+00 
594.0 1.4491E+00 639.0 1.4646E+00 684.0 1.3739E+00 
595.0 1.4308E+00 640.0 1.4340E+00 685.0 1.3748E+00 
596.0 1.4745E+00 641.0 1.4348E+00 686.0 1.3438E+00 
597.0 1.4788E+00 642.0 1.4376E+00 687.0 9.6824E-01 
598.0 1.4607E+00 643.0 1.4525E+00 688.0 1.1206E+00 
599.0 1.4606E+00 644.0 1.4462E+00 689.0 1.1278E+00 
600.0 1.4753E+00 645.0 1.4567E+00 690.0 1.1821E+00 
601.0 1.4579E+00 646.0 1.4150E+00 691.0 1.2333E+00 
602.0 1.4360E+00 647.0 1.4086E+00 692.0 1.2689E+00 
603.0 1.4664E+00 648.0 1.3952E+00 693.0 1.2609E+00 
604.0 1.4921E+00 649.0 1.3519E+00 694.0 1.2464E+00 
605.0 1.4895E+00 650.0 1.3594E+00 695.0 1.2714E+00 
606.0 1.4822E+00 651.0 1.4447E+00 696.0 1.2684E+00 
607.0 1.4911E+00 652.0 1.3871E+00 697.0 1.3403E+00 
608.0 1.4862E+00 653.0 1.4311E+00 698.0 1.3192E+00 
609.0 1.4749E+00 654.0 1.4153E+00 699.0 1.2918E+00 
610.0 1.4686E+00 655.0 1.3499E+00 700.0 1.2823E+00 
611.0 1.4611E+00 656.0 1.1851E+00 701.0 1.2659E+00 
612.0 1.4831E+00 657.0 1.2393E+00 702.0 1.2674E+00 
613.0 1.4621E+00 658.0 1.3855E+00 703.0 1.2747E+00 
614.0 1.4176E+00 659.0 1.3905E+00 704.0 1.3078E+00 
615.0 1.4697E+00 660.0 1.3992E+00 705.0 1.3214E+00 
616.0 1.4310E+00 661.0 1.3933E+00 706.0 1.3144E+00 
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707.0 1.3090E+00 752.0 1.2330E+00 797.0 1.0913E+00 
708.0 1.3048E+00 753.0 1.2266E+00 798.0 1.1121E+00 
709.0 1.3095E+00 754.0 1.2420E+00 799.0 1.0905E+00 
710.0 1.3175E+00 755.0 1.2383E+00 800.0 1.0725E+00 
711.0 1.3155E+00 756.0 1.2232E+00 801.0 1.0843E+00 
712.0 1.3071E+00 757.0 1.2221E+00 802.0 1.0856E+00 
713.0 1.2918E+00 758.0 1.2295E+00 803.0 1.0657E+00 
714.0 1.3029E+00 759.0 1.1945E+00 804.0 1.0782E+00 
715.0 1.2587E+00 760.0 2.6604E-01 805.0 1.0545E+00 
716.0 1.2716E+00 761.0 1.5396E-01 806.0 1.0974E+00 
717.0 1.1071E+00 762.0 6.8766E-01 807.0 1.0859E+00 
718.0 1.0296E+00 763.0 3.7952E-01 808.0 1.0821E+00 
719.0 9.2318E-01 764.0 5.3878E-01 809.0 1.0548E+00 
720.0 9.8550E-01 765.0 6.8601E-01 810.0 1.0559E+00 
721.0 1.0861E+00 766.0 8.1461E-01 811.0 1.0533E+00 
722.0 1.2407E+00 767.0 9.7417E-01 812.0 1.0268E+00 
723.0 1.1444E+00 768.0 1.1138E+00 813.0 1.0086E+00 
724.0 1.0555E+00 769.0 1.1278E+00 814.0 9.0356E-01 
725.0 1.0380E+00 770.0 1.1608E+00 815.0 8.9523E-01 
726.0 1.0813E+00 771.0 1.1686E+00 816.0 8.3216E-01 
727.0 1.0850E+00 772.0 1.1778E+00 817.0 8.5183E-01 
728.0 1.0400E+00 773.0 1.1771E+00 818.0 8.2259E-01 
729.0 1.0466E+00 774.0 1.1771E+00 819.0 9.0519E-01 
730.0 1.1285E+00 775.0 1.1771E+00 820.0 8.6188E-01 
731.0 1.0703E+00 776.0 1.1798E+00 821.0 9.9764E-01 
732.0 1.1534E+00 777.0 1.1727E+00 822.0 9.5157E-01 
733.0 1.1962E+00 778.0 1.1713E+00 823.0 6.7271E-01 
734.0 1.2357E+00 779.0 1.1765E+00 824.0 9.3506E-01 
735.0 1.2178E+00 780.0 1.1636E+00 825.0 9.6935E-01 
736.0 1.2059E+00 781.0 1.1607E+00 826.0 9.3381E-01 
737.0 1.2039E+00 782.0 1.1662E+00 827.0 9.8465E-01 
738.0 1.2269E+00 783.0 1.1614E+00 828.0 8.4979E-01 
739.0 1.1905E+00 784.0 1.1536E+00 829.0 9.2930E-01 
740.0 1.2195E+00 785.0 1.1586E+00 830.0 9.1601E-01 
741.0 1.2148E+00 786.0 1.1592E+00 831.0 9.2392E-01 
742.0 1.2153E+00 787.0 1.1450E+00 832.0 8.9426E-01 
743.0 1.2405E+00 788.0 1.1305E+00 833.0 9.5650E-01 
744.0 1.2503E+00 789.0 1.1257E+00 834.0 9.3412E-01 
745.0 1.2497E+00 790.0 1.0910E+00 835.0 1.0032E+00 
746.0 1.2470E+00 791.0 1.1058E+00 836.0 9.7234E-01 
747.0 1.2477E+00 792.0 1.0953E+00 837.0 1.0092E+00 
748.0 1.2401E+00 793.0 1.0875E+00 838.0 9.9901E-01 
749.0 1.2357E+00 794.0 1.0972E+00 839.0 1.0013E+00 
750.0 1.2341E+00 795.0 1.0932E+00 840.0 1.0157E+00 
751.0 1.2286E+00 796.0 1.0742E+00 841.0 1.0101E+00 
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842.0 9.9703E-01 887.0 9.1062E-01 932.0 3.0086E-01 
843.0 1.0053E+00 888.0 9.2228E-01 933.0 2.4841E-01 
844.0 9.8631E-01 889.0 9.3455E-01 934.0 1.4380E-01 
845.0 1.0165E+00 890.0 9.2393E-01 935.0 2.5084E-01 
846.0 1.0187E+00 891.0 9.2584E-01 936.0 1.6142E-01 
847.0 9.9170E-01 892.0 9.0881E-01 937.0 1.6338E-01 
848.0 9.9217E-01 893.0 8.7327E-01 938.0 2.0058E-01 
849.0 9.8596E-01 894.0 8.5130E-01 939.0 3.9887E-01 
850.0 8.9372E-01 895.0 8.1357E-01 940.0 4.7181E-01 
851.0 9.7493E-01 896.0 7.6253E-01 941.0 3.7195E-01 
852.0 9.6927E-01 897.0 6.6566E-01 942.0 4.0532E-01 
853.0 9.6486E-01 898.0 7.1780E-01 943.0 2.7834E-01 
854.0 8.5112E-01 899.0 5.4871E-01 944.0 2.8579E-01 
855.0 9.1300E-01 900.0 7.4260E-01 945.0 3.6821E-01 
856.0 9.7317E-01 901.0 5.9933E-01 946.0 1.9461E-01 
857.0 9.9166E-01 902.0 6.6791E-01 947.0 3.7112E-01 
858.0 9.9196E-01 903.0 6.8889E-01 948.0 2.7423E-01 
859.0 9.9171E-01 904.0 8.4457E-01 949.0 4.9396E-01 
860.0 9.8816E-01 905.0 8.1709E-01 950.0 1.4726E-01 
861.0 9.8679E-01 906.0 7.7558E-01 951.0 4.8378E-01 
862.0 9.9449E-01 907.0 6.3854E-01 952.0 2.6891E-01 
863.0 1.0005E+00 908.0 6.5217E-01 953.0 3.4362E-01 
864.0 9.7916E-01 909.0 7.0431E-01 954.0 4.2411E-01 
865.0 9.6324E-01 910.0 6.2467E-01 955.0 3.4117E-01 
866.0 8.4900E-01 911.0 6.6808E-01 956.0 3.2821E-01 
867.0 9.1546E-01 912.0 6.8893E-01 957.0 2.7067E-01 
868.0 9.5920E-01 913.0 6.2834E-01 958.0 4.6101E-01 
869.0 9.4956E-01 914.0 6.2649E-01 959.0 3.7385E-01 
870.0 9.6755E-01 915.0 6.7836E-01 960.0 4.2066E-01 
871.0 9.5387E-01 916.0 5.7646E-01 961.0 4.6120E-01 
872.0 9.6686E-01 917.0 7.3017E-01 962.0 4.4174E-01 
873.0 9.5721E-01 918.0 5.9271E-01 963.0 5.0503E-01 
874.0 9.4042E-01 919.0 7.3877E-01 964.0 4.5860E-01 
875.0 9.2687E-01 920.0 7.4414E-01 965.0 5.0374E-01 
876.0 9.5277E-01 921.0 7.8049E-01 966.0 5.0275E-01 
877.0 9.5615E-01 922.0 7.0026E-01 967.0 5.0240E-01 
878.0 9.5237E-01 923.0 7.4504E-01 968.0 6.5210E-01 
879.0 9.3656E-01 924.0 7.2150E-01 969.0 6.8622E-01 
880.0 9.3957E-01 925.0 7.1110E-01 970.0 6.3461E-01 
881.0 9.0861E-01 926.0 7.0331E-01 971.0 7.1397E-01 
882.0 9.3245E-01 927.0 7.8742E-01 972.0 6.8765E-01 
883.0 9.2927E-01 928.0 5.8968E-01 973.0 6.0648E-01 
884.0 9.3305E-01 929.0 5.5127E-01 974.0 5.7529E-01 
885.0 9.4423E-01 930.0 4.3210E-01 975.0 5.8987E-01 
886.0 9.0752E-01 931.0 4.0921E-01 976.0 5.7191E-01 
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977.0 6.3864E-01 1022.0 6.8970E-01 1067.0 6.2032E-01 
978.0 6.1509E-01 1023.0 6.9508E-01 1068.0 6.1944E-01 
979.0 6.3815E-01 1024.0 6.9058E-01 1069.0 5.8626E-01 
980.0 6.0468E-01 1025.0 6.9753E-01 1070.0 6.0469E-01 
981.0 7.1338E-01 1026.0 6.9636E-01 1071.0 6.1661E-01 
982.0 6.9218E-01 1027.0 6.9305E-01 1072.0 6.1536E-01 
983.0 6.6865E-01 1028.0 6.9385E-01 1073.0 6.0363E-01 
984.0 7.3732E-01 1029.0 6.8628E-01 1074.0 6.2158E-01 
985.0 6.8817E-01 1030.0 6.9055E-01 1075.0 5.9252E-01 
986.0 7.5083E-01 1031.0 6.8736E-01 1076.0 6.1471E-01 
987.0 7.3928E-01 1032.0 6.8787E-01 1077.0 6.0434E-01 
988.0 7.3462E-01 1033.0 6.7613E-01 1078.0 6.0321E-01 
989.0 7.4906E-01 1034.0 6.8015E-01 1079.0 6.0474E-01 
990.0 7.3227E-01 1035.0 6.8234E-01 1080.0 5.9722E-01 
991.0 7.5358E-01 1036.0 6.8202E-01 1081.0 5.8083E-01 
992.0 7.5102E-01 1037.0 6.7497E-01 1082.0 5.8940E-01 
993.0 7.3728E-01 1038.0 6.7172E-01 1083.0 5.9814E-01 
994.0 7.5410E-01 1039.0 6.7636E-01 1084.0 5.7852E-01 
995.0 7.5176E-01 1040.0 6.7170E-01 1085.0 5.9330E-01 
996.0 7.4884E-01 1041.0 6.7176E-01 1086.0 5.5410E-01 
997.0 7.3971E-01 1042.0 6.7200E-01 1087.0 5.6697E-01 
998.0 7.3887E-01 1043.0 6.6525E-01 1088.0 5.9317E-01 
999.0 7.3857E-01 1044.0 6.6833E-01 1089.0 5.7919E-01 
1000.0 7.3532E-01 1045.0 6.6452E-01 1090.0 5.5573E-01 
1001.0 7.4442E-01 1046.0 6.4714E-01 1091.0 5.8835E-01 
1002.0 7.2805E-01 1047.0 6.5694E-01 1092.0 5.8124E-01 
1003.0 7.3442E-01 1048.0 6.6274E-01 1093.0 5.1058E-01 
1004.0 7.2336E-01 1049.0 6.5896E-01 1094.0 5.3965E-01 
1005.0 6.8174E-01 1050.0 6.5463E-01 1095.0 5.2067E-01 
1006.0 7.1252E-01 1051.0 6.5521E-01 1096.0 5.0323E-01 
1007.0 7.2753E-01 1052.0 6.5118E-01 1097.0 5.7852E-01 
1008.0 7.2685E-01 1053.0 6.4919E-01 1098.0 5.0291E-01 
1009.0 7.1972E-01 1054.0 6.4646E-01 1099.0 5.0772E-01 
1010.0 7.1914E-01 1055.0 6.4847E-01 1100.0 4.8577E-01 
1011.0 7.2278E-01 1056.0 6.4641E-01   
1012.0 7.1877E-01 1057.0 6.4482E-01   
1013.0 7.1761E-01 1058.0 6.3818E-01   
1014.0 7.2068E-01 1059.0 6.1875E-01   
1015.0 7.0817E-01 1060.0 6.3585E-01   
1016.0 7.1129E-01 1061.0 6.2121E-01   
1017.0 7.0337E-01 1062.0 6.3266E-01   
1018.0 7.1422E-01 1063.0 6.2239E-01   
1019.0 6.8878E-01 1064.0 6.3196E-01   
1020.0 6.9896E-01 1065.0 6.2913E-01   
1021.0 7.0175E-01 1066.0 6.1713E-01   
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REFRACTIVE INDEX OF SILICON  
 
Wavelength (m) n k Wavelength (m) n k 
0.2995 4.999 4.204 0.3734 6.799 1.571 
0.3009 5.012 4.086 0.3757 6.709 1.321 
0.3024 5.02 3.979 0.378 6.585 1.11 
0.3039 5.021 3.885 0.3803 6.452 0.945 
0.3054 5.02 3.798 0.3827 6.316 0.815 
0.3069 5.018 3.72 0.385 6.185 0.714 
0.3084 5.015 3.65 0.3875 6.062 0.63 
0.31 5.01 3.587 0.3899 5.948 0.561 
0.3115 5.009 3.529 0.3924 5.842 0.505 
0.3131 5.01 3.477 0.3949 5.744 0.456 
0.3147 5.009 3.429 0.3974 5.654 0.416 
0.3163 5.012 3.386 0.4 5.57 0.387 
0.3179 5.016 3.346 0.4025 5.493 0.355 
0.3195 5.021 3.31 0.4052 5.42 0.329 
0.3212 5.029 3.275 0.4078 5.349 0.313 
0.3229 5.04 3.242 0.4105 5.284 0.291 
0.3246 5.052 3.211 0.4133 5.222 0.269 
0.3263 5.065 3.182 0.4161 5.164 0.255 
0.328 5.079 3.154 0.4189 5.109 0.244 
0.3297 5.095 3.128 0.4217 5.058 0.228 
0.3315 5.115 3.103 0.4246 5.009 0.211 
0.3333 5.134 3.079 0.4275 4.961 0.203 
0.3351 5.156 3.058 0.4305 4.916 0.194 
0.3369 5.179 3.039 0.4335 4.872 0.185 
0.3388 5.204 3.021 0.4366 4.831 0.185 
0.3406 5.231 3.007 0.4397 4.791 0.17 
0.3425 5.261 2.995 0.4428 4.753 0.163 
0.3444 5.296 2.987 0.446 4.718 0.149 
0.3463 5.336 2.983 0.4492 4.682 0.149 
0.3483 5.383 2.984 0.4525 4.648 0.133 
0.3502 5.442 2.989 0.4558 4.615 0.131 
0.3522 5.515 2.999 0.4592 4.583 0.13 
0.3542 5.61 3.014 0.4626 4.553 0.131 
0.3563 5.733 3.026 0.4661 4.522 0.134 
0.3583 5.894 3.023 0.4696 4.495 0.12 
0.3604 6.089 2.982 0.4732 4.466 0.12 
0.3625 6.308 2.881 0.4769 4.442 0.09 
0.3647 6.522 2.705 0.4806 4.416 0.094 
0.3668 6.695 2.456 0.4843 4.391 0.083 
0.369 6.796 2.169 0.4881 4.367 0.079 
0.3712 6.829 1.87 0.492 4.343 0.077 
   
0.4959 4.32 0.073 
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0.4999 4.298 0.073 0.7847 3.705 0.007 
0.504 4.277 0.066 0.7948 3.697 0.007 
0.5081 4.255 0.072 0.8051 3.688 0.006 
0.5123 4.235 0.06 0.8157 3.681 0.006 
0.5166 4.215 0.06 0.8266 3.673 0.005 
0.5209 4.196 0.056 0.9686 - 6.40E-04 
0.5254 4.177 0.053 0.984 - 5.10E-04 
0.5299 4.159 0.043 0.9999 - 4.00E-04 
0.5344 4.14 0.045 1.016 - 2.80E-04 
0.5391 4.123 0.048 1.033 - 1.80E-04 
0.5438 4.106 0.044 1.051 - 1.20E-04 
0.5486 4.089 0.044 1.069 - 6.70E-05 
0.5535 4.073 0.032 1.088 - 4.20E-05 
0.5585 4.057 0.038 1.107 - 2.50E-05 
0.5636 4.042 0.032    
0.5687 4.026 0.034    
0.574 4.012 0.03    
0.5794 3.997 0.027    
0.5848 3.983 0.03    
0.5904 3.969 0.03    
0.5961 3.956 0.027    
0.6019 3.943 0.025    
0.6078 3.931 0.025    
0.6138 3.918 0.024    
0.6199 3.906 0.022    
0.6262 3.893 0.022    
0.6326 3.882 0.019    
0.6391 3.87 0.018    
0.6458 3.858 0.017    
0.6526 3.847 0.016    
0.6595 3.837 0.016    
0.6666 3.826 0.015    
0.6738 3.815 0.014    
0.6812 3.805 0.013    
0.6888 3.796 0.013    
0.6965 3.787 0.013    
0.7045 3.778 0.012    
0.7126 3.768 0.011    
0.7208 3.761 0.011    
0.7293 3.752 0.01    
0.738 3.745 0.01    
0.7469 3.736 0.009    
0.756 3.728 0.009    
0.7653 3.721 0.008    
0.7749 3.714 0.008    
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0.2995 4.999 4.204 0.3734 6.799 1.571 
0.3009 5.012 4.086 0.3757 6.709 1.321 
0.3024 5.02 3.979 0.378 6.585 1.11 
0.3039 5.021 3.885 0.3803 6.452 0.945 
0.3054 5.02 3.798 0.3827 6.316 0.815 
0.3069 5.018 3.72 0.385 6.185 0.714 
0.3084 5.015 3.65 0.3875 6.062 0.63 
0.31 5.01 3.587 0.3899 5.948 0.561 
0.3115 5.009 3.529 0.3924 5.842 0.505 
0.3131 5.01 3.477 0.3949 5.744 0.456 
0.3147 5.009 3.429 0.3974 5.654 0.416 
0.3163 5.012 3.386 0.4 5.57 0.387 
0.3179 5.016 3.346 0.4025 5.493 0.355 
0.3195 5.021 3.31 0.4052 5.42 0.329 
0.3212 5.029 3.275 0.4078 5.349 0.313 
0.3229 5.04 3.242 0.4105 5.284 0.291 
0.3246 5.052 3.211 0.4133 5.222 0.269 
0.3263 5.065 3.182 0.4161 5.164 0.255 
0.328 5.079 3.154 0.4189 5.109 0.244 
0.3297 5.095 3.128 0.4217 5.058 0.228 
0.3315 5.115 3.103 0.4246 5.009 0.211 
0.3333 5.134 3.079 0.4275 4.961 0.203 
0.3351 5.156 3.058 0.4305 4.916 0.194 
0.3369 5.179 3.039 0.4335 4.872 0.185 
0.3388 5.204 3.021 0.4366 4.831 0.185 
0.3406 5.231 3.007 0.4397 4.791 0.17 
0.3425 5.261 2.995 0.4428 4.753 0.163 
0.3444 5.296 2.987 0.446 4.718 0.149 
0.3463 5.336 2.983 0.4492 4.682 0.149 
0.3483 5.383 2.984 0.4525 4.648 0.133 
0.3502 5.442 2.989 0.4558 4.615 0.131 
0.3522 5.515 2.999 0.4592 4.583 0.13 
0.3542 5.61 3.014 0.4626 4.553 0.131 
0.3563 5.733 3.026 0.4661 4.522 0.134 
0.3583 5.894 3.023 0.4696 4.495 0.12 
0.3604 6.089 2.982 0.4732 4.466 0.12 
0.3625 6.308 2.881 0.4769 4.442 0.09 
0.3647 6.522 2.705 0.4806 4.416 0.094 
0.3668 6.695 2.456 0.4843 4.391 0.083 
0.369 6.796 2.169 0.4881 4.367 0.079 
0.3712 6.829 1.87 0.492 4.343 0.077 
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0.4959 4.32 0.073 0.7749 3.714 0.008 
0.4999 4.298 0.073 0.7847 3.705 0.007 
0.504 4.277 0.066 0.7948 3.697 0.007 
0.5081 4.255 0.072 0.8051 3.688 0.006 
0.5123 4.235 0.06 0.8157 3.681 0.006 
0.5166 4.215 0.06 0.8266 3.673 0.005 
0.5209 4.196 0.056 0.9686 - 6.40E-04 
0.5254 4.177 0.053 0.984 - 5.10E-04 
0.5299 4.159 0.043 0.9999 - 4.00E-04 
0.5344 4.14 0.045 1.016 - 2.80E-04 
0.5391 4.123 0.048 1.033 - 1.80E-04 
0.5438 4.106 0.044 1.051 - 1.20E-04 
0.5486 4.089 0.044 1.069 - 6.70E-05 
0.5535 4.073 0.032 1.088 - 4.20E-05 
0.5585 4.057 0.038 1.107 - 2.50E-05 
0.5636 4.042 0.032 1.12 3.5361 - 
0.5687 4.026 0.034    
0.574 4.012 0.03    
0.5794 3.997 0.027    
0.5848 3.983 0.03    
0.5904 3.969 0.03    
0.5961 3.956 0.027    
0.6019 3.943 0.025    
0.6078 3.931 0.025    
0.6138 3.918 0.024    
0.6199 3.906 0.022    
0.6262 3.893 0.022    
0.6326 3.882 0.019    
0.6391 3.87 0.018    
0.6458 3.858 0.017    
0.6526 3.847 0.016    
0.6595 3.837 0.016    
0.6666 3.826 0.015    
0.6738 3.815 0.014    
0.6812 3.805 0.013    
0.6888 3.796 0.013    
0.6965 3.787 0.013    
0.7045 3.778 0.012    
0.7126 3.768 0.011    
0.7208 3.761 0.011    
0.7293 3.752 0.01    
0.738 3.745 0.01    
0.7469 3.736 0.009    
0.756 3.728 0.009    
0.7653 3.721 0.008    
118 
 








1.216 0.09 8.828 0.4509 0.04 2.657 
1.088 0.04 7.795 0.4305 0.04 2.462 
0.984 0.04 6.992 0.4133 0.05 2.275 
0.892 0.04 6.312 0.3974 0.05 2.07 
0.8211 0.04 5.727 0.3815 0.05 1.864 
0.756 0.03 5.242 0.3679 0.07 1.657 
0.7045 0.04 4.838 0.3542 0.1 1.419 
0.6595 0.05 4.483 0.3425 0.14 1.142 
0.6168 0.06 4.152 0.3315 0.17 0.829 
0.5821 0.05 3.858 0.3204 0.81 0.392 
0.5486 0.06 3.586 0.3107 1.13 0.616 
0.5209 0.05 3.324 0.3009 1.34 0.964 
0.4959 0.05 3.093 0.2924 1.39 1.161 
0.4714 0.05 2.869    
 








1.216 0.35 8.145 0.4509 1.38 1.914 
1.088 0.27 7.15 0.4305 1.45 1.948 
0.984 0.22 6.35 0.4133 1.46 1.958 
0.892 0.17 5.663 0.3974 1.47 1.952 
0.8211 0.16 5.083 0.3815 1.46 1.933 
0.756 0.14 4.542 0.3679 1.48 1.895 
0.7045 0.13 4.103 0.3542 1.5 1.866 
0.6595 0.14 3.697 0.3425 1.48 1.871 
0.6168 0.21 3.272 0.3315 1.48 1.883 
0.5821 0.29 2.863 0.3204 1.54 1.898 
0.5486 0.43 2.455 0.3107 1.53 1.893 
0.5209 0.62 2.081 0.3009 1.53 1.889 
0.4959 1.04 1.833 0.2924 1.49 1.878 

















Particles of sizes between 1 and 100 nm show fascinating properties with unusual 
characteristics that lead to the formation of unique properties in nanosystems, which are 
not observed in ordinary materials. These are considered hereby as nanoparticles (NPs). 
Additionally, metallic NPs with sizes smaller than the wavelength of light show strong 
dipolar excitations in the form of localized surface plasmon resonances (LSPR). LSPRs 
are non-propagating excitations of the conduction electrons of metallic NPs coupled to 
the electromagnetic field. The LSPR is a coherent, collective spatial oscillation of the 
conduction electrons in a metallic nanoparticle, which can be directly excited by near-
visible light. The LSP resonance condition (i.e.the wavelength/color of light which can 
excite the LSPR) is defined by a combination of (i) the electronic properties of the 
nanoparticle, (ii) the nanoparticle size and shape, (iii) the nanoparticle temperature, and 
(iv) the dielectric environment in close proximity of the nanoparticle. The latter is a 
consequence of the locally enhanced (with respect to the incoming field) plasmonic near 
field, exponentially decaying from the nanoparticle surface.  
